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T11E P1*•APUTITUI AND MESU¶FRUIENT OF THE PHOTOCONDUCTIVIMY OF

CA II, TEALUJt[DE SINGLE CRYSTALS

Sjnt!(r i. ystals of cadniim telluride with an impurity concentra-

tion oe abh'ut 1,)I,? cr- have been pr-parud from zone purified tellurium

and high en _ t'+ r:atoijn, by a t,,oiij lied Stockbarger procesp. Apparatus and

techniaen f," z.nn refining siii. crystal. growth are described,

Crystals were prepare.d for measurement by cutting on either an

S. S. White Industrial Airbrasive unit or carborundumn disks followed by

removal of the surf-,., - cayer with the "airbrasive". Vacuum plated indium

elect-ides were used on n-tyleu crystals while gold deposited from gold

chloride solution was used on p-type.

Although thenal emf measurements show pure OdTe to be p-type,

it was found ne2essarv to use indiua contacts as the gold chloride greatly

altered the p..hotoeonductivity oi the speciimens. Thermal activation energy

m:easuremonts indicate an intrinsic activation energy of 1,5 eV in the

temperature, rage 350' 200C.

A Puerkin ylaeyý Model 83 Aingle-beam double-pass monochromator

equipped with rock salt optics and a Glo-bar operated at 16000K was used

as the, radiation source in the wavelength region 0.6 to 12 microns.

The wavelength for maximum intrinsic photoconductivity is gi.z

by the expression:

8100 - 2.06 T

which in turn gives an intrinsiL activation energy of:

e (cV) ! 1,53 - O.00035T



Pho toconductiv i ty ne:U) iý~t~ii~-e;u act~ivat ~ion ou,,rty olf about

1 A (,V for pu re C i"E, Thiq hasI be(-n shown to a1efromr a ievell 0,4 v

abo it the veianmc: bawet and. correlates with the Leoveis found at i.. C el' end

OJ'At eV aboi~e the, vaem-nc band in pure UiS -Ind ViSe, respectivE ly,

Lt--efdence --f ph-t-n-, rr,-t. ;;rd var'iation cf :"lao timie

with radiation Jntco~ity anA temperature show a slightly supraline~ar

character and indicate the preseence of discrete levels scattere~d betweenl

the top oftevalence band and the. 0Oh eV leveL.

Temode~l proposed for CdTe, including two types of levels expla~ins7

quite we".l the phot~oconductiniý properties as related to temperatore dupenid-

en,,supralinearity, and speed ofl ronponse aL. encountered in this material,

adfol lows closely tesmqatttv vlaino htcnutvt

in ý;Sand GdSe viven by icose
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aon•g the mor~e basic pxoperi.ies of semiconductors and

insulators, photoconductivity is perhaps one of the most use.fu'l

in determining a detailed account of the energy level model of -

solid. The variation of photocurrent and its rise time with te:a-

perature, intensity of radiation, wavelength, and even illumination

history can lead to an interpretation of the distribution of traps,

recombination centers and other trnes of ,iscret. levels, both

,o',K•Jiy filled -L unfilled, in the forbidden zone, nlong with a

description o' their other properties.

From this variety of information which may be obtained

from photoconductivity measurements one can readily appreciate

that photoconductivity is an extremely corplex phenomena; the

photocurrent possibly increasing in a linear, supralinear, or sub-

linear fashion .i4th increasing i-ndi sti on inion_.siAty, it may likewise

increase, decrease, or possibly stay constant with increasing tem-

perature. Along with these effects must be included those due to

voltage dependence, impuritic.5, both intentional and unavoidable,

surface effects, and history of tresTryent before -nd during

measurement. From these considerations it is apparent that great

difficulty will be encountered in deriving and applying a general

all-inclusive theory of photoconductivity. As a result, the

general trend has been to investigate a group of comion materials

such as the alkali halides, or crystals with the zineblende struc-

ture and to assemble the data into a theory consistent for that

particular type pbotoconductor.
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Although photoconductivity in zinc sulfide natural crystals

and artifically preruared powders, both pure and impure, had been inves-

tigated as early as 1920 by Gulden and Pohl (1), the most extensive

interpr-el ive investigations of photoconductivity were made on alkali

halide crystals in the 1930's., These materiads were readily available

in single crystal form. ,•_-l a variety of defects could be added at will,

by high enc:'r .diation and heating in a vapor of the cation or anion.

However, with the advent of increasing interest in semicon-

ductors since the 1940's brought about by the development of transistors,

r-adiation detectors, and other semiconductor devices, a wealth of

information concernin, the phenomena of photoconductivity h,s become

available. No entirely satisfactory overall description of photo.-

conductivity yet exists, however, from which the behavior of any given

a.,emiconductor under illumination may be predicted.

From the previously mentioned aspects of photoconductivity

one can anticipate that the exactl nature (If the material being inves-

tigated must be clearly defined and free fr7om disturbing influences.

To attain this end it is necessary to have (1) as low as possible a

level of impurity ions. (2) as neax as possible perfect crystal

structure, and (3) ideal. stoichiometry.

Among the first semiconducting compounds to be examined

were the group II-VI combinations, ."onsist'.g of the sulfides, selen-

ides, and teilurides of zinc, cadmium, and mercury.

High purity cadmium and zInc (99.9997%) were readily

available and since con.,iderable work was being carried out on

the sulfides and only slightly less on the selenides, the tellurides

were chosen for this investigation. Cadmium telluride in particular

-2--



seemcd to lend itself riuadily +o the Stockbarger crystal growth pro 3ss

and it was anticipated that photoconductivity data from CdTe single

crystals might be correlated to that available from CdS - dSe. Also,

it was established that the technique of zone refining could be applied

to tellurium, resulting in tellurium in a state of purity at least com-

parable to that of the cadmium and zinc.

A more detailed treatment of the theory of zone refining and

its applications to tellurium, selenium, and sulfur will be given later.

The asPeCts of c=15tal growth as hav5 beeui -vncuuntered in these materials

will also be reviewed with particular emphasis on the methods developed

here for CdTe and ZnTe.

These considerations will be followed by a general account of

photoconductivity and, more particularly, a detailed discussion of the

band model for CdTe and its interpretation as derived from photoconduc-

tivity measurements, and its relation to photoconductivity as observed

in CdS and CdSe.
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2.0 ZONE REFINING

Although a perfect single crystal, rrom the point of view of

both structure and composition is theoretically non-existent, the closer

one can approach it, the more reliable will be the observations made

upon it. Of the major defects normally found in crystals, perhaps the

most troublesome and the one ov-r whi~h the greatest control can be

exercised is the presence of foreign atoms or ions in substitutional

or interstitial sites. Nowhere is this of gr,-atc: -Aportance than in

the field of semiconductors where the presence cr impurities in concen-

trations on the order of parts per million cr l1ss may completely alter

the electrical conductivity process in the crystal. The quest for a

more perfect crystal free from this type of defect hts lead to the devel-

opment of certain specialized techniques, one of the most useful of

which is zone refining (2).

Zone refining is based on the principle of impurity segre-

gation which has long been the basis of purification by repeated

fractional crysta1!ization. In fractional crystallization, however,

the entire batch is melted, whereas with zone melting only a small

segment of the batch is molten at any one time.

The phenomena of impurity segregation results from toe

the liquid in nontact with it, which in turn arises from the equilib-

rium between the solid and liquid in a *irary solid solution system.

WThile in practice, the molten zone will most likely not be in equilib-

rium with the entire solid, if the rate of zone movement; that is, the
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rate nf aovcmcnt of the interface, is properly chosen, near equilibrium,

conditions will prevail at the interface, and separation of -the solute

wil.] occur, This rate has been empirically determvined to be from one

to 25 cm/hr, for most metals and semiccnductors.

If we now examine the very end region of the two possible

types of phase adagrams for the binary systems composed of the material

in which we are interested and the imp'.rity or solute material, we can

graphically demonstrate the difference in solute concentration between

thbe liquid and solid.

CL L

L + SS

CL ko • 1 / ko >1

SS

L
Temn. T

L+ SSC/k

(a) (b)
Imnur!tyý_Concentration

ry irue L

The liquidus and solidus are probably not straight lines as

shown, but since we are interested in only such a small region no appre-

ciable errnr is introauced in dra.wing them as such. In figure la, the



solute is inre soluble in the liquid than the solid, and sn the ratio

of i; less t•ha unity, where Cs and CL are the concentration of

solute in the solid and lioiid. respentively, Thi rntio i.s designated

as the equilibrium distribution coefficient, ko.

"On: ,let now the equilibriJum crystallization of a composition

on the line CL, i.. figure l;t (figure lb wili ue analagous except the

solute is more soluble in tie solid). At temperature T the first solid

to crystallize out will have a solute concentration of Cs, (OLko). As

cooling continues the compoiition of the solid, assmaing complete equi-

librium, will shift along the solictus till it reaches the line CL at

which time it will be completely solid. Since the diffusioi.

solids is low, this equilibrium will generally not be atts.-i

as is usually the case, the rate of travel of the interface is large

compared to the rate of diffusion, the imnurity will concentrate in

the liquid. This, of course, assumes the rate of diffusion in the

liquid is sufficiently larger than the rate of interface travel, or

that mixing is cresent to keep an impurity enriched lýrer from building

up in the liquid at the interface. In the usual zone melting methods

thermal gradients will certainly be present which will significantly

aid in mixing the liquid. For efficient zone refining, however, the

rate of travel may well be fast enough that such a lyer does in fact

form. When this occurs it is no longer the equilibrium distribution

coefficient which datermines the purification process, but 0oe fftec-

tive distribution coefficient. This is given by Burton et al (3).

k k (1)
to + (I - ko) e-
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I - ff'ective distribntion coeffidiet.

f = growth rate,

d = liquid film thickness in which solute transport is bj difhfusion

D = diffusivity in liquid.

The quantity fd/D is designated as a growth parameter and as

it increases, k will approach unity regardless of the value of ko. For

efficient zone melting then, since 1D and, to some extent, d are fixed

properties of the liquid a sma.ll growth rate is desirable. While ko

and hence k, should theoretically be available from phase diagrams,

most presently available diagrams are not of sufficient accuracy for

this. Thunnond and Struthers (4) have developea a relation between

ko and temperature from solution concentration relations. A thermo-

dynamic approach based on dilute solutions has been made by Hayes and

Chipman (5).

In the final analysis, however, where one wishes to rid one

element of many impurities the most reliable procedure is to actually

zone melt the material and run standard analysis after different num-

bers of zones have been passed through it at different rates.

Let us now consider the effect on the impurity level of

actually passing a molten zone through a rod of material. We will

pass a zone of length L along a bar, of cross section A, with an

initial impurity concenLrauion Go and effectiv.e distribution coef-

ficient k < 1. As the molten zone moves forward, solid with an

impurity concentration of kCo will freeze out behind. In a distance

dx then, an amount of impurity equal to kCoAdx will have frozen out

in the solid .hile an amount C.Adx will have been dissolved into the



li-opnid. Thus the initial solid is decreased in impurity contcnt whilo

the liquid is increased. As the molten zone continues to move, the

impurity concentration of both the liquid and solid will increase until

the concentration in the liquid hab -eacud ... ,/k ut which ti...e th. e slid

freezing out will have the same compositiun as that meltinig, No change

in solute concentration wi!3 occur as the zone continues moving -.ntil

it reaches the end of the bar where -. i the solute will be deposited.

The impurty di stribution will then be as represented in figure 2.

Solute

ConcentralI
tion

co - '------- - "
kCo 0

LL

Figure 2

The inc-t a••.i Lt.,,2 CU line and the curv, after the pass must of

course 1,c o. e.: tk- solete concontration in the firnp

length 1 tf thE bar t1ill rise quite sha1.rply as the initial lernth of

parti aoly j'- . ea, extend for a ( sLan-e ;:uch greater than

.L. FR0 ;d io) L% aruslo r.ire'ugte -impurity distriho-.

t;- ,i* 'iz4 t" ~ - ed ~ t ;~ 5 2.



-kx/L
-(I - k) e (2)

Co

C = solute concentration in solid,

x = distance from front end of bar.

If a second pass is now made thrcugh the rod, the initial

solid would have a concentration of k
2

0C, since the starting concen-

tration was kCo. The length of the partially purified section will

also increase as will the final impure region. As more and more

p.asses are made, the region of constant solute concentration, Co,

will disappear and the distribution curves will take on the forms

shown in figure 3.

00

1000

100

20

Fir

Figure 3



These curves arc of course merely typical representations, thc actual

shape after any given number of passes depending on k and the ratio of

zone length to oerall length.

While it might be anticipated that the starting end of the

rod would approach a zero level of impurities, this possibility is

prohibited by contamination qnO dif'fusion; contamination coming from

the boat and the atmosphere surrounding it. A steady state is thus

reached at which the impurities are entering the material as f'st as

they are being swept out.

The above discussion was concerned with systems for which k

is less than unity. S-milar nrr,-umnntn apply for k greater than unity.

In this case, however, the impurity concentration build-up occurs in

the starting region.

For more efficient application of z-ne refiTning a series of

closely spaced heaters is used to effect the purification rather than

one heater. Thus, for example, a series of four heaters on four-inch

centers traveling two inches en hour can effectively pass one complete

zone through a sixteen-inch specimen every two hours rather than the

eight hours required by the one heater.

2.2 General Applications

From the foregoing discussion certain factors may be selected

for consideration in attempting to, zone refine any given material.

Since the value of k is t..e controlling factor in determining the
purification, tha valucs for gro-,th rate (f) and diffusion film

Thickness (d) upon which k depends must be selected with care. Zone

spacing and -length must also be considered. hfficiency considerations

-10-



would caol for a ýIhort :oass tive. which ,ight be achieved by increasing

f, '.r dc-cws;inzi zurw length and separation, If f is increased, however,

Ic will approach unit and eur~ificatbon cfficiency will fall off. Decreas-

ing d by stirri-g, however, nay pernit an increase in f without affecting

k. Once the value for f in chosen, the number of passes needed to attain

a certain purity level will be fixed, and so tho value for zone length

and spacing can be adjusted to give optimum pass time and cost of oper-

ation. The selection of the actual physical requirements for zone

refining must likewise be •iven careful consideration. Two general

procedures are available; each presenting its ewn particular problems-

(l) Zone purifying in a container:

In this case the choice of a container material which will

not contaminate the melt is obviously of greatest importance. Contam-

ination may arise from direct reaction or solution between the container

and the melt, impurities included in the boat material, or adsorbed

gases on the surface of the- boat. A low thermal conductivity in the

boat is also necessary for good control of the zone length. There

should not be too great a difference between the thermal expansions

of the container and the material being refined. A rnrrfully chosen

and controlled atmosphere must be maintained over the melt to prevent

contamination. A thoroughly purified noble gas will usually be

sufficient.

Tho h-a±. necessary to n, i the rmoltcon zonczna be sup-.

plied by numerous means, resistance, induction, focused infrared

or sunlight, or even gas flames, are a few. For elements such as gal-

lium (7) or mercury, refrigerated coils can be employed to separate

the molten zones. in the usunl lhoratory batch operation a series



of reciprocating resistance or indoction heaters is usually adequdiu!.

(2) Zone purifying without a container:

In cases where a material has too high' a melting point or

is too reactive to be contained in a boat, several specialized toch-

niques have been developad. One of thE most obvious is to use the

material itself as its own container. This may be •omplished by

forced cooling of the sides and bottom of the specimen or shaillow

heating. The unpurified material may then be mechanically removed or

puriiied in a sun-seauent operation. Other processes rely mainly on

passing through the solid rod a molten zone held in place by its sur-

face tension, This method was anparently developed independently by

several workers, but was first described by Keck and Golay (8), who

applied it to silicon. Induction heating is generally used to pro-

duce the molten zone although various types of resistance heaters

have been± used.

Other variations in this technique include use of a magnetic

field to support the molten zone in a horizontal rod (9) and use of

square rods in which the corners do not melt with induction heating

ane so form a support for the molten zone (10).

2.3 Application to Tellurium, Selenium and Sulfur

For the growth of high purity CdTe and ZnTe single crystals

sui table for photoconductivity ieasurements, a nigh state of purity

in the raw materials was necessary, since the finished CdTe or ZnTe

cannot be purified itself owing to a great tendency to dissociate upon

melting. It was therefore necessary to zone refine the tellurium and

snce meager data was available for selenium and sulfur, they were also

included. Froe their reasonably low nolting points (Te - h.52 0, Se - 200'

-12-



S - ll1C), i.t (loecided that a reciprocating series of resistance

heaters acting on a straight rod of material would be adequate. The

phase diagrams for these elements and the variety of impurities

usually associated with tLheai were not generally available so the

-aluus for zcroe length, spacing and rate of travel were arbitrarily

selected to be one-inch heaters spacr~d four inchic apart with an

interface rate of travel of two inches per hour. With this arrange-

ment, usi a a specimen of about one-half square inch cross section

and 3 ". '-, :pure;! material was oboaxudd

after . ses.

Fir.t attempts at refining used a moving sealed "Vycor"

tube about 90 percent full, and stationary heaters. Almost invariably

these tubes broke after several passes as did silica tubes which were

also tried. As a result of this the entire unit uas redesigned to use

moving heaters (figure 4). In this apparatus the boat could. be placed

inside a fixed silica tube with a protective atmosphere or evacuated,

so the material would not be contaminated in the event the container

did break. Because of the high vapor pressure of these elements at

their melting points it was not feasible to refine them under vacuum.

An atmosphere of high nurity helium introduced into the silica tube

after passing through a charcoal trap at liquid nitrogen temperature

resulted in a film free surface aid apparently introduced no new

impurities.

Since "Vycor" and silica were umsatisfactory for a container

mater'-al, a recrystallized alumina thernocouple protection tube was

solit longit'dirally for use as a boat. This proved entirely natis-

factory from a nurity standpoint although some inconvenience was

-13-



encountered in removing the material as a result of its wetting action.

Removal was best accomplished by inverting the filled boat in the outer

silica container and running one pass through it. The i-d then welted

onto the silica from which it was easily removed.

After removal from tae boat samples ivere takeit from' each

four-inch section of the rod for spectrographic analysis to be com-

pared with the starting material. Although high purity materials were

originally used for zone refining it was subsequently found, particu-

larly t-t. . .+I _, +w t .t.. - ,nmy m'ial C.P. grade material could just

as readily be reduced to tihe sane final impurity level. - typical

zone refined Te specimen before removal frosrt its boat is shown in

figure 5.

Some work has been done on the zone refining of other metals

tc, determine the overall adaptability of this particular arrangement.

Cadmium, zinc and aluminum were run through this purifier and the

greatest difficulty encountered seemed to be due to the relatively

high thermal conductivity of these elements. Either the two end zone.,

tended to freeze solid when an inch or more material was outside the

end heaters or the interior solid zones melted wh.en enough heat was

supplied to keep the end zones molten. Some short-time purifications

were made on zinc and aluminum by manually controlling the power to the

heaters to maintain the proper zones, but the problem could certainly

be eliminated by narrower heatucs Jt'ib e wi-dely spaced. .oltrn aliuminum•

has a sufficiently low vapor pressure to enable it to be zone refined

under vacuun, without appreciable volatilization or oxide formation.

Zinc must be placed in the boat in the form of a one-piece

rod since the usual granular or chinped zinc has such a heavy film on



FIGURE 4



its surface it will not melt together. This nroblem was also encoun-

tered in trying to use tellurium powder as the starting material.

A set of typical spectrographical analyses is given in table

I. This data ndi cates that the principle of zone refining is readily

adaptable to the prenaration of very mure elements for use in growing

single crystals of CdTe and ZnTeo

-'C<



Table I

Al Ftr VFtr tr BS Nb
As BS BS Nd
Au Ni VVFtr
B Os
Ba P
Be Pb VFtr BS
Bi Pd
Ca VFtr VVFtr -r I
Co

Ce Rh
Co Ru
Cr

Cs Sb
Cu Ftr Ftr Ftr BS BS Sc
Dy Som
Er Si Ftr VFtr HS tr RS
Eu Sm
F Sn
Fe Ftr *Ftr VFtr BS BS BS Sr
Ga Ta
,, Tb

Te m
Th

Pg VFtr Ti BS BS BS BSHo T1
In Tm
Ir IU

K IV
La jW
Li Yb
Lu

u VFtr VVFtr Ftr BS Zn V/FtrXKn BS BS •tr BS Ir

1. orivin'l tP Ion ieM (C., P.) M - Major constituent
2. ourified tellurium (60 passes) tf - trace
3 original selenium (high purity) Ftr - faint trace
L. purified selenium (35 passes) VFLr - very faint trace
5. cr-gin-C sulfur (C.P.) XVFtr - very very faint tra':e
6. purified sul.fur (35 passes) BS - barely show•



A.0 (ARY.blAj, IJUWkli

the problea of Lransf'orinj o it into singilc crystals must then be con-

.qidered. The. ielr Ienerru proces-ses avai labl e for crystal growth are

the nhanetra fivano vo-nor-qo !id, AJ 1 Oid-solid, and solid-~solid,

and crystalli sat~ion from n-o~iumiox. For ',!%i(-oi~uctors, the most readily

most Commionly used, are thin Vapor rha.ro and d phaoe transformations.

A brief coon devratior of' th- aspectas of actual crystal formation

is first desirable rcg-,ardl(2ss, of the maethad of fornaaion. J. W. Gibbs

pre~eentod a qualitative thcory of crystal growth based on thermodyniam-

ical reasoning in theý 1%,t ter 18C0's, hut the thcory put forth by

Curie (11) in 1885 was the first to gain prominent recognition by

crystallographers (12). Th~is the~ory preceeded thE. atomic picture as

we now knovi it and wa5 inrstead har!ed on the, rclationship between

crystalline form. in.n surface energ-y rf a s~old, the proper crystal-

lrie i'orm. heing- that ,;hich 1gnvt? the? lowest energy. Several workers

including Eilt~on (13) an(! lvolff (00 extended this theory but shortly

after, Berthoud (]!,) showned thait this -oprcach p~redicted the more

rapid a crystal g-rew, ti., more znosri ox its Ifcrr. wlould become, when in

fact the opposite is true. Siioc, Li~en many theories have been devel-

oped, the moro recant o jiyr jjiri,; tin' n .volved from a consideration

of defect structereý. Blik I ic(12) preseint;- a historical compilation

of the many possi5bilit~ies peoseknted thr-otqhout th 1520's and 30's,

based for thc inost -art -,n ti-,(, writings of' S~ekal and Zwicl-y. Th e

present status of til( ui7 an iiynt!hesis of? gnraly accepted ideal s



based o. :%•!.eretical considerations and empirical facts.

Generally, and it might be added ideally, crystals may be

---ctured as an orderl, rra2g of atoms÷ a spheres) in a repeti-
tious U •i•e- • uu .udumr,- ± w..ua..÷. •...

the pattern of repetition. Throughout this arrangement, in different

directions there must then be different sets of planes of atoms. In

crystal growth once a lattice face is formed, atoms will be arriving

at and leaving from this plane at equal rates, assuming equilibrium

r--ndtins 0--- ---. +b,-ko th oface.nex to. an. nlvoriv h-nnd

atom, however, it will have a greater tendency to remain there since

it is now "bound" in two places and will thus have lower energy. As

this process is repeated a "step" will be built up and continue to

propagate over the s';rface until a new plane is completed. "Nucleation"

of a plane may occur in several splaces and if anything arises such

as a previous dislocation or a foreign atom entering the structure,

a dislocation will occur where the nuclei grow together. The presence

of such dislocations as a prerequisite for continuing crystal growth

has been called for in the theory of Frank (16).

Although these observations apply to crystals in general,

further considerations will depend on the nature of crystal growth

and the particular habits of the individual crystal.

3.2 Growth from Melt

.'he wide variety of crystals with an even wider variety of

properties which may be grown from the melt has lead to almost as many

crvstal- 1r---nA +chkicues as crystals. Certain factors, however, are

basic to ties all, The factor comLmonly accepted as most important is

the rate c heat removal from the growing errstal' face (17), which in
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turn depends r, the rate of huat loss from the solid and heac gain from

the liquid.

It is generally believed (18) that atoms can enter into an

orderlyv lattine arrangeiment much faster than common rates of crystal

growth allow. It might seem then that rates of growth should be

increased, but if we examine the treatment of this question by Pfann (17)

we find a limiting" factor does exist. At the interface between solid

and liquid the heat balance equation is given by:

s 9G= R111 + 'I IcG

heat leaving = heat arriving

- thermal conductivity

G - temperature gradient

H - heat of fusion

R - growth rate

s - solid

1 - liquid

If the temperature gradient in the liquid were zero we

would have maximum growth rate. This wuld necessitate the liquid

being exactly at the melting point, or more specifically at the tem-

peratmure of the interface if -upercooling or imourities were present,

a condition Vhich would surely lead to excess nucleation and loss of

single crystal character. Increasing G. would also increase R, but

would most likely lead to induced thermal saresaes and resulting

defects in the crystal.
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ifaisi also surgests the use cf the Peltier effect to cause

--eoi ýgq at the interface. F- this to be c-ffect~ive, however, the

I e!lulc coeff'cieit ul .a ~ a-r-,st liquild mist, bec reasonably large

Wid jo)l Ol icuoing must be. Biliau.

Excess nucleation in the melt upon cooling will result in a

polycrystalline mass being for;ac Ii!~ d v! too duei1,i- uig-.bsý,t.

ThIIs danger increases as the extent of possible supercooling and solid

ino~urity content increases. For those reasons extreme care must he

taken to prevent the entrance of foreign bodies into the melt. The

g;rowth container and atmosphere are the usual sources of such conYtasii-

nates. When single erystals arc. being grown from the melt by reaction

of' the clerr.ents and subsequent melting, the melt should be heated well

above the ne:-Uing point of the compound to facilitate complete reac-

tion and destroy any nuclei. A large temperature gradient in the

liq~ui d helps reduce the degree of supercooling and thus reduces excess

nucleation. M4elt-grown crystals are also subjected to a zona-refining

action as the interface slowly progresses. If little or no distiirhance

is paresent, as is certainly desired from a crystal growth point of

vean iortenihdzone with a higher freezin temperature

mayv build up in the liquid at the interface. This effect which was

pointed out by Rotter and Chalners (19) and dlesignated cons ti;tutilon.al

supercooling, ra-,y well le~ad to spurious nucleation. This phenomena

rru•-t. he take~n hto ;rcoant whorn grov-ing erTystaw wi tb niiý,ne ply nridpd

isi~purities. The presenece of thi 4 -aver can also lE~ad to instability

of' the actuial interface and hence to poor cry-stal fonnatien, A compre-

hensivo era;:n of thnis problem is give,, by Wagner ( 20) .



Srv., procc;sus far !-g-- crystals employ the additional

refinement of introducing a small seed crysLal into the ielt to obtain

a more favorable orientation of the crystal. Certain crystal lattice

types have preferred directions for growing, and single crystals can

be produced more readily if growth is purposely started in one of

these directions, particularly if the crystal is being grown in a

comparatively narrow tube as if often the case. While the existence

of these preferred growth d~rections has been clearly established (21),

no extensivc com~pi'lation. of d~ata ha tiieysnnta

the crystals to grow in these directions results in more perfect struc-

tures. Intuitively, it seems reasonable and Pfann suggests that

available evidence indicates that it does.

Most materials which melt at reasonable temperatures

without decomposition and are not too reactive can be grown from the

melt. Tne general procedure is to cool one end of the melt untt.l a

seed crydtal farms ar purpcsl-y seed the melt and then pass a sharp

temperature gradient through it to effect continued crystallization.

Historically, Tasaeann (22) was the first to make extensive studies of

procedures for growing metal crystals from the melt. He used a long

narrow tip on the end of his crystal growing container, which he cooled

until reucleation occurred, keeping the main melt slightly usn. er. if

several nuclei were formed at least one of hiem would have a favorable

orientation to grow rapidly along -he tube and 'squeeze out" the other

seeds by thýc time it reached the main tube. Further cooling of the

remninder of the melt would often lead to one continuous single crys-

tal. iiridgman (23) used the same idea, with the modification of cooling

the t'hb,!, t_ causei crystallization by lowering it into a heat sink,
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usually air, the rate of travel being slow enough tin allow for heat

n•ir il nrl tronor o•n nt.i'.:ion of the advancine crystal front. The

usual container material was glass, but as higher melting crystals

were grown ceramic tubes camne into use. Many soecialized adaptations

of Br1dgx;,an's method were made for growing crystals of such materials

as nickel, copper, bismuth, and some alkali halides. A number of

special furnaces and lowering (or raising) devices were thus origina-

ted. but perhaps the most commonly used i.- that with which Stockbarger

(20) grew lithium fluoride crystals. The main feature of this tech-

nique is the ase of a horizontally split vertical furnace. Each half

is independently heated and controlled with a platinum radiation

baffle between them. An extremely sharp temperature gradient can thus

be maintained which will cause crystallization as the melt is lowered

through it. Further refinements include exponential winding of the

heater wire at the ends of the f.rn.ace and a nichrome liner inside

the furnace to even out undesirable temperature gradients. Since

the bottom section of the furnace need be only slightly below the

crystal melting point there is no risk of thermal stresses being

incorporated into the growing crystal. For tiF, Stockbarger used a

double walled platinum foil crucible supported on an alumina cement

capped stainless steel lowesing device, With this apparatus he was

able to oroduce LiF crys Lais up to three inches in diameter and

lacer modllicaciosqs pruoduuce cureve;Lat Six I!iCifh2 acrou.ss• uf Uptical

qualityv.

A more usual gro•wth orocess war that of Kapitza (5), who

grew metal crystals by the Br~dgman method but was unable to obtain

the desired orientations. This he attributed to a differenee in the
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thermal expansion between the crystal, in this case bismuth, and the

container. To eliminate this ne melted a r-od of the metal on B p1 del-ed

copuer plate and seeded the small elid with a crystal of the proper

orientati on. As the rod was co0l0 d this orientation persisted through-

out the entire crzystal. This same process is now employed in single

crystal growth by the zone refining technique.

A departure from these techniques is that of growing single

crystals without a container; that is, pulling ahe crystal from the

melt. Zne method sas first uscd by Oz-ochralski (96) io measure the

rate of crystallization of different metals, but was soon aulented to

nroduce single crystal wires. Briefly the process consists of plunging

a glass capillary into a melt of the metal and slowly witi-drawing it.

Surface tension draws the liquid metal up to the capillary where it

solidifies and as the tube is raised a crystal grows down toward the

melt. Surface tension and the density of the metal will control the

allowable distance from the crystal face to the melt. As usual many

modi fications were made of this methtd for different crystals, one

of the most recent being that of Roth and Taylor (27) for genmLanium

crystals.

A similar, but distinctly different method is that of

Kyropoulos (28) in which the crystal is grown from a seed actually

introduced into tne melt. This method has been improved by Teal and

Little (29) and others for producing large germaiix-tTi crystals and has

probably helped advance the technology of transistors more than any

other single technique. The entire melt can be pulled into the crys-

t?l and by 1ndicious additiors of -- fvI]v selected "impurities"

durin: growth, junctions may be trowrn directly into the crystal. The
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orientation of the seed crystal can be selected to produce the correctly

oriýentqd finished crystal, but anparentlv Erermanium- rows equallv well

from several different faces (17). The seed c'ysLal must be simulLa-

neously, but_ _ _ r eýni.-. it, is pulled from the melt. A

rotation of about 100 rpm is usually sufficient to even out heat flow4

and maintain convection in the oelt, while the pulling rate is generally

in the region of 50 microns per second. A graphite crucible is commonly

employŽ(i to helo the .elt and act as a snusceptor for induction heating.

A complete treatment cf the process of growing single crystals of ger-

manium is given by Bradley (3

Extremely pure crystals harv been grown by this technique,

the greatest causes of defects bc'ing thermal stresses, variations in

growth rate and the presence of impurities. A zone leveling technique

similar to that used by Kapitza can be applied to imperfect semiconductor

crystals both to promote single crystal character and to level out

impurity concentrations throughout the length of the crystal. This is

narticularly applicable to "doped" crystals where segregation may

occur during growth.

A still different approach, particularly adar.able to stable

refractory materials, is the flame fusion process developed by Verncuil

(31). A fine powder of the material from which the crystal is to be

grown is fed into the gas stream of an oxy-hyorogen burner before it

reaches tha burner nozzle. During combustion the powder melts anod is

carried by the flame to a rotation seed crystal cemented to a refractory

rod. As more material is deposited on the Leed ano the crystal growS

the supoort --od is gradually lowered.
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3.3 Growth from Vapor Phase

Many of the more interesting semiconducting and photocon-

duc.trng compounds cannot be crystallized from the melt because of

a tendency to dissociate and vaporize. This is particularly true for

many sulfides and selenides and some tellurides. Two general methods

available to produce crystals of these materials are vapor phase growth

and hydrothermal techniques, neither of which readily resulta in -very

l]rve crystals. Heinz and Panks (32) have reported growing cadmium

selenide single crystals in a pressure bomb at 1100 degrees C and 250

psi. These crystals, however, contained a large excess of cadmium.

The usual vapor uhase process involves passing an inert gas

over the molten constituents, carrying their rapors into a reaction

chamber where the compound farms and crystallizes out on the walls of

the chamib.r. Extremely pure, unstrained crystals can be produced this

way althcugh they are usually in the form of thin plates. Bishop and

Liebson (33) have grown CdS crystals several square centimeters in

area and up to one millimeter thick by this method, usig r .

the carrying gas, and maintaining the reaction chamber at 1000 degrees

C.

Frerichs (3h) has grown CdS, CdSe. Odle by reaction of cad-

mium vaor with 1 2 S, H 2Se, and H2 Te, resnectively. Very pure singi..

crystals in 'he forn of thin elates a few cm2 in erea were obtained.

Smia 1 lrystn] s of CdF have beer obtained by simply placing

a boat 7ontaninpg seoe C dS powder in a furnace with a temperature

gredient pro5-nt. Over a oeriod of time somei of the CdS will vaporize

and ocnd•,mq in the fo-_ of ,rc-ys+ na is a cool or part of the fI.urnaCe.



3.-h Grcatl_ of C-.u-dum Telluride and Zinc Telluride

Frn.,• co..'•derti n4 o Lh.e pn'evicus-ly discus-ý8ad crysital

growth nrocesses and their properties it was anticipated that both

CdTe and ZnTe could be best grown by the Stockbarger method. A

rqodified stocknarger a•pparatus was constructed for this use; modified

in the sense that instead of lowering the crystal, the furnace itself

is raised thus eliminating possible vibrations from disturbing the

growing crystal.. A sectional diagram of the furnace is shown in

fJ-, rc 6. The heaters consists of O.OhO inch Pt-20% Rh wire wound

uniformly on recrystallized alumina tubes except over the last two

inches where an exponential winding was used. The radiation baffle

is comprised of two thin alumina discs on each side of a two mil

platinum foil giving a total thickness of slightly over 1/8 inch.

Each side of the baffle is recessed to hold the alumina tubes in place

and bring the two heaters closer together to give a sharper temperature

gradient. The heater-baffle assembly is held Ii place in the stain-

less steel shell by insulating bricks, the remainder of the volume

being filled with -n.agnesia bubbles.

The furnace Js .im.ouitedi in the rack shown in figure 7, along

with the power supply, temperature control units, and drive mechanisms.

The furnace is counterweighted and mounted on rollers in tracks to

facilitate movesdantr ,p or down around the reaction tube. A lead

screw moonted on the rack with brass bushings and rurning, through a

split nut on the side of the furnace can raise or lower the furnace

by maoanr of a gear train dr-iven by a thyratrcn contro.lled variable

speed motor. The rate of furnace travel can 1c regulated between 0.9

and nre/ttr., 15 inches being available for travel. The solit not can

, - ,furn~ace T-V•,- o'asi when cttoitO.
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Power is suoplied by a variable transformer, a variable power

resistor being placed in series with the lower furnace winding t keep

it at a lower temperature. Temperature control is of the ineremental

tyne; that is, the control uini te s'itch in and out of the circuit one

side of a set of paral]cl resistors which is in series with the fur-

nace winding, The degree of control is governed by the value of the

two parallel resistors. For this furnace where each winding has about

eight ohms resistance at operating temperature, one ohm resistors are

used. Temperature control units themselves use platinum resistance

thermometers imbedded in the furnace adjacent to the heaters as the

sensing device. The control unit is given in figure 8 and consists

of a Wheatstone bridge circuit operating at 60 cps, balanced by a

Len-turn precision helipot. The bridge output due to changes in the

resistance of the sensing device is ,miplified and fed to a phase

splitting circuit feeding directly into a grid controlled rectifier

which 'runolies the screen and control grid vnltages of the beam power

output tube, A Sunvic thermal relay with a canacity of 12 amps at

115 volts, which will switch with a current change of less than one m.a

from its normal operating position of aboat 20 ma is located in the

plate circuit of the output tube. Short time control of about ± 0.10C

and overall control of about ± 0.5oC is attained with tnese -,nits at

1000°0.

The furnace driving gear train is further reduced a-rd exended

to the transformer to give a rundown time of frem 273 to 27,3 hours from

full on, This allows annealing rates of from about 16 to 160 degrees

per hour.
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The specimens were prepared for growth by weighing stoichio-

metric amounts of zone refined tellurium and high purity cadmium into

a thick walled silica container, 12 mm in diameter. These were then

ptunped down on a hip vacuum systpm to a pressure of less than 10-6 .Mr

of Hg and sc-aled off. The batch filled about 60 to 80% of the volume.

This wac they! placed inside a mullite protection tube also connected

to a vacuum- 3sysem and suspended in the furnace, as shown in figure 7.

Since CdTe melts at 10h1 0C the container was heated to about l1200C

and then cooled to 10800 C before crystal growth was started to assure

complete reaction and reduce the chance of any nuclei remaining. At

this temperature the vapor pressure of CdTe is sufficient to cause

the silica container to "balloon" out against the mullite tube. To

prevent this it was found necessary to encase cr.- ýwi±ca tube in a

close fitting alumina tube. The entire assembly is shown in figure 9.

Before starting to grow the crystal, the mullite tube was

flushed several times with high purity he!ino to remove any oxygen

which would diffuse through the silica at high temaeratures, and to

prevent contamination of the crystal in the event the silica container

cracked. A slight overpressure was sealed off in th", mullite tube to

further help reduce the exeoansion of the container.

The furnace height was set manually so that the bottom of

the container was about l:± inch above the baffle, assuirilr.U the antire

tube of being at the same t-emperature. The furnace was heated at the

rate of 100 degrees per hour up 'to 7000C. and 25-30 de-rees rpr hour

after that, since it is believed the highly exother-dc reaction between

Cd and Te takes place at about 770C, TheI bottnm fures was brought

to 1CI0 0C and the ton to 18060C wttiere ite cornorro vojts take ove-. 11
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was founu advisable t0 hold the fuii.a, at these tcmperaLures overnight

trol units tc be set for maximum sensitivity.

Fur accc travel rates of from 1.5 to 6 mn/hr were used with

no apnarent difference in the quality of crystal grown. Two mm/hr

was adonted as a standard, however, to eliminate any -variables which

did occur. Annealing rates were likewise variet with no appreciable

effects. This also was standardized, at 25 degrees per hour. Using

the s:tandard technique described above, a success ratio of about 60%

was oblalned in growing single crystals of CdTe.

Since Jenny and Bube (5) had reported the occurrence of both

:t-uype and p-tyne semiconductivity in impurity doped CdTe, melts were

made containing 0.1 mole percent silver, bismuth, indium, antimony,

and thallium alcng with pure CdTe. These '..ith Ag, Cu, In, and Sb

.roved quite successful, 30-40 gram single crystals being obtained.

Thermal emf measurements indicate p-type character for Ag and Cu, and

n-type for _n and Sb. These results agree with what is to be expected

rom the norrnat substitutional feature of higher valence cations

increasing the n-type character and lower valeila cations inc-easing

the p-type character. The opposite effect holds true for anion substi-

tution, higher valence giving p-type and lower, n-type.

Pure CdTe turns out to be p-type, due probably :o cadmium

vacanaies as nas oeen suggested by Aroger and de Nobel (36).

A rhctograph of some cleaved pure crystals is shown in fig-ire

en 10.

Powder rethod x-ray clffraction measurcernets of aure CoTe

shew tie aub ic unt ce?! ; aramcter to be 6.Lý5i +- g.c',S I. Impurity
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(oPed cry-vstals were elan investigated but no change in lattice para-

met~er could be deter-,minod wdthin these limits of accuracy.

Cadmium telluride crystallizes in the zincblende structure.

It. always cleaves in the (]1O) plane and in this plane it cleaves

along the Il direction.

Those batches which did not give single crystals wy , all

comnlete polycry•talline masses indicating that extreme supercooling

muay have taken place resulting in sudden crystallization when nuclei

did form. In no cases did a sample turn out to be single crystal

part way up the container and then degenerate into a polycrystalline

form.

Only one successful ZnTe single crystal was grown. The

higher melting point of this material (12800C) seems to place it

at the extreme limit of this method. In practically all cases the

conLaiier broke, often violently. In an attempt to contain this

materiel a graphite die with a screw top was machined to enclose the

silica container. While no crystals were obtained using this arrange-

cent it was not investigated extensively and further adaptations,

mainly a substitute for the silica container, might well prove success-

ful. If so, it could be adapted to other volatile compounds such as

CdSe, and mercury selenide and tellurides.
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various levcis in. the f,-rbireien Zoris' asa( The va- syc(! anct Conduction Larnds

may be detersmined b'ý not~ing the energies whlch cnoss, the rreatesst. increases

in rendactivity. Since the maaicijysm intrinsic energy rAp width, usually

encountered in sensiro'ssctors is; o' the order, of 2.5 cl., Oari: of' the mus'.

--------------------------------------ethý-- - ta -------------------- on.10

The quantum relttius; (-V -h-A , whcrrc.c is csertron charge, V is

volts, "I is FlanokR'. conmtant, aiw; '$ is fre'quoncy of' tne radiaiiors, -,hows

us that radiation of wsveleogtVs 12--96 ý wtZ1, havo an, energ of I' eV.
ors

Fron this we see that radiati.on of ssaveenj'iiti. 53c orresponcs to 2.5 eV.

Shorter wavelengrths woa'L SipySc -- oe'";aaC armsa'liy senellcoidUc-
in E.

t-, s and inyatlqt r)s bo th -ay es'- I i Is' p: cs- q c 1. tiY; t. Lu ut s ince trne



occuri'cte of pnotoconluctivit-y iti fnsulateos such as the akali haliues

is -enerally treated diffroetly . .. i in seticon.ductors, wt will concern

our'-in aVF; mainly W],ýh e* iconnuc

"is 1wan etited ofeiei; n f +he -,ir? ir work on photocon-

(iuct.vti.y was den.' ._.n ;n00ulat.or, :y xin. Pohl (3-1). They oantin -

,ulinhid between two type.e of photeon'luet ing crysttls, those chrcracterized

by high ;:,Iux of rcfriction (.1 2) whinoe,, properties were dependent on the

material itself aia not induce-6 by tefects, and those ann pihotoconouctivity

arose frou inouced tie-focte. the pure se]id showing- no photoenndOctivity.

The, first type is exemplified by uia~nond, while colored rock selt is the

.. 1qpi .... tht .. .... •. . l . ..• = ,,. ,.. . aitt-_ , They al--- l••ii~u•h. bcbw-,in p .• y

and secondary currents and list the foilowang characteri.. is.

Fr Secondary/

Instantaneous rise t.jtqt Slow r4s- time

SnaIl temperature udpendence Larg, temperatare ne:;eneence

Unit quantum cff-ciency Quantum, efficiency greater than
unity

Occurs 4n perfect crystals Usually occurs in impure crystals

Proportional to liglh. intensity Hysteresis effects often occur

Current propor-tional to field, No simple relation to applied
saterates at niih voltages voltages

Since the primary current makes up the actual photo effect, it

is best studied in "perfect" single crystals. The secondary current, be-

cause of its creater qauAum efficiency, is generally considered to be due

to a lowering of barriers an the material, and so it is best examined in

polycrystal line films.

-6-i-



Thu .: o:o 7. tC ,i,.i ..v.i tl. i, s -.jicon eLhtc , -s ii C not

t ak( the da lfeert. t i' ,i:( c ao;? ;v.6L 'C i),;r". pho~t~ I I I I, ta ' 1. ; .

a ccoa nt an, ( f. 1'. (rsti. r," -,; P"- U.'x F.-(-6 the

results .'e1o i. 1? - CaL ;11. 3u0'i;(o. On,? F"o: cii f1nd 1tat ]uiut ,Is(

times oo t.o st ,'. n s(.. y : 1- t,•S we,? pci-,'?,nt. I• . ''I n y a'.:S 5snow, .

the shape of the spIN tr, ru:;poieapi -u-vc v'-r HiS was ýt7t'i'eri (1 upoflnuip

on whether pi nuar ,! 0L ;.' a,,' :',, -, ., . w, pr( a' .rn . 5 e Secondary cu -

rent cffects r5an ic iA;i.t,o 1 y" ; ;( Ot' F11.: iiid Z-r hipp,.d ]iflIt, a.*

increasirup t".,- ourl f t.ri crxstC :,

As •.9e aiiififcac, a, de feet structura has become more. apparent.

nature of hle diiaurete eaerL., teve•]a located jn tlie forbidden gap, which

arises from such ciefects as arrpurity ions, lattice vacancies, and disloca-

tions. Since the "purest"' of crys-ta]s, as prepared, will contain an 1i

defined assortment of defccs, levels are often purposely introdaced by

adding impurity ionts or creating latt:ice vacancies to give a predominance

of one type for investigation. Structural defects may occur in a variety

of fonns, such as cracks, and edge and spira] dislocations and so ar.

much more diffacult, if not impossible, to purposely introduce into the

crystal in precisely defined amounts and types, Since the energy asso-

ciated with these ievf'ct.s ray give rjsci to energy levcls in the forbidden

gap, it is important to have as few of them as possible in the crystal

so that their effects are not confused with effects due to purposely

added defects.

Thmu iovu!6 Li u-e fc,'bldduO i 1-gb:: wii have lower activation

energies than the intrinsic activation energy ano so give rise t photo-

conducti-ýity effects in the in f'-a-re-' Ta _ c-cra-. responcse of a photo-

conductor then will depend cn the intrinsic gap maith and the location of



the cncrfe levels in. tr for,,'iuden gap. heactual mragnitude of the photo-~

current, however. wI) I Legend on the -1i fetilaca of the current. carri

liberated.

equal to the intrinsic, on-ri-.y g~ap, free. elcectrons will, be raised to thle

conduction band an(; free noies wdill De created in the valence band, The

ldfetimcs of these ,carriez- will he detrimmined by the recombination

process occurring in the soliu. Since oach excitation cycle end-, in

recombinat~ion of sai electron and hole at a discrete energyj level in the

forbidden zon~e, the concentration and capture cross section of these

I'-71s for electrons mnd holes will control the recombination process and

hence the. photoconductivity.

Tho. moat dc'tail~d _-emi q uiantitative account of reccerbi nation

processes is that due to Rose (33l), which more recently has been put on

a quantitative basis by hiube (,19) in accounting for the photoconductive

properties of OdS type photoconiductors (OdS and C&dle). A review of thiý

treatment is presented here with a view to accounting for the photoconduc-

tivity of CdTe on a similar basis,

The three main observations3 for which suitable recombinaticia

pictures are not available are (1) llsupralineridtyll, that is photocurrelit

which increases with a power of light, intensity greater than unity, (2)

increase hi piiuLucuirtalu with the aL~dation of recombination centcrs;, and

(3) "infra-red quenching". decreasing the photocurrent due to short wave-

length radiation by the addition cf long wavelength radiation.

WIhile many simple models are often available to describe some

semiconductivity observations, it is difficult to pnropse. even one far

the phenomenon cf I'supra-linearity". The second observation seems in--

tuitively tunlikely .and the third has been irt~ported both in semiconductors



and insulators, usually ajpýJ Lod to Ion nsrt arc hut a] so to phe hocenductors

and even eliecto iie nccnc (ho;). As --ill be shown later, two different

typos of recohbination ,r:aters 'lt ii i ft7c rent ca;i so'." sreS , ions for

elcetrons and ho.l<es an! Ice sina any 5l sfi e sfl- i • .!,I". ;' ni.

It is gcneral]y acceptuc that ei'tanstiaioan w . ta-k Fla--e

directly between the ;Iscr.Cte ,•rrfy lev,1,,!• in I)., fo-r del-a zcr at low

dens:Lties of states, although such t 'asiti)ns may ;l J; o ccur i V th,

density of states exceeds about, l10 I/cm . These otates an turthkn-

pictured as having -, capacity of eithcr one electron or hc2e and are con-

sidered to be tho sites of carriur capture, whi.ch itir the sawe of simplicity

and lack of uviUencc to the contrary is consider-( d a5 a oner step process.

At equilibrium, under, racration of energy equal to the intrinsic energy

gap, eJectrons and holes will be comining at tcsc levels at the sase

rate they are being genrated.

Consider now the energy level model I yven in Figure 13 showing

the possible -crray of possible stales and their st-istical division. The

Fermi level is defined as the energy at which the probability of a state

being filled is one half, and for incrinsic somiconductivity this level

will be exactly in the middle of the forbidden gap if the effective masses

of electrons and holes are equal. The steady state Fermi level for elec-

trons (holes) is a matheiatical concept introduced to describe the con-

centration of free electronE (holes) and is located at that energy where

half the donor (acceptor) levels are occupied.

SS, F.L.
-- " - -- (electrons)

-4 F.J..

-.... "- S.SF.,L.
S -4 -. -. -* (r�uies)

?r•gurc il.



Tlhu - , i ,Are-, ' s C', tIc 'nle hces lJo ,!on(iductioli

bads• r'e os;irnt tcs v•s ha].,sow trap'ping st.ates becausc they arc- n

tiall]y ia thi:noai e(qsuiJb.wam witf! the vaJeon., ani e':sn!ti or hanos; those

nlearesr•t. th. uCt(e(e ara( 1'rOunllS tcia. r' wioo:rk ra..co,•ib]iaoLi, LdkeO -iuu. it

shoa ud he mention>,: 1-I'et thhe(l•. oo'•ýp•, o. traps is statistical in-, nature

aind facrcl01 y Jn11i0 t ) -S a h2t'her Lob, i ty fol' elcitions5 to 1e thermaTl iy

excited out the top of th,, Lzi p tr~ap to fall through the bottom by rero, m-

binataon wiein a ho,1.. Elvtrons and hojes falling into ground states are

considered to havr -oi,p;(t(,u their excitation cycle. While it appears

intuitive that shoT]iw trapr should exist the question of wheue to draw

the Jline between threm x1d recombination cent, ers may arise. If there is a

rasonabiy uniform diistribution of discrete states in the forbidden 7,one,

the demarcation line is drawn at that energy at which an elecuron is equally

likely to be captuor( or thermal ly es)cited into, the conduction band, like-

wise for holes A; a first approxiiati'.on the';e 1`.nes correspond to the

steady state Fermi levels. States between these steady state Fermi levels

will then be ground states and control recoatination processes. States

outside these r(cvei>• will have a vanishingly small effect or recombination.

If the so!id is subjected to an excitation process which causes

an increase in the number uf free current carriers (both holes and electrons)

the steady state Fermi levels will move outward toward the band edge and

the 7ermi levels wall approach each other and these ground states will re-

vert to shallow traps and be thermally emptied.

The capture cross section of a center will generally have a

value of from ]0-13 cm
2 

down to smaller values with 10-22 cm
2 

reported (4i))

10-15 cm2 
being a common value which corresponds to the approximate size

of a lattice site. Different capture cross section for electrons and holes



art, 1 ik'ly to he 0 y '' !)A a 'r-ia '"r lovel? A positively charged

conter, fe,r eyampl n, n -rcar c-)ss sret on fy, capturring an

electron thain a ha L a ,' .i]( y >ha4':'O art rj'll be)' rmore

c. t: on o I.ti tr'(.l r kI'ct re.',s ."f J 0-' c m2

havc bee-,n rouna in - ro6 ) w ,,t a.. '".r 9 flC-- •,l(

states !or holes is thf cm"

The fi ,'k 't t COLSICiner rs I .9 at ied al Iu linat (r.

er sneicrnduror C wit, t ,,k clau.s of or ; rolte en'.ry lev,:!In;, in whilr. tlier(

are several peasabilutr.e, Incerlirk tact. where (1) carrier eoncentrations

are small compared Wrqta g-roundi state 'oncentrations, (2) carrier conc-ntra-

tions are large compar' d wiLh rou ... i state conc(ntratluns, en' h) 'ýrrier

concentrations arc iI:etonrxed with goCund state concentrati.ons. Following

these are those case,-s wlaic , nclludcu the addition of shallow traps and a

continuum of discrete energy levelrs.

(3) The usual case for a phococonductor is that in which the

concentration of free carriers, n and p, is small compared to their con-

sentration in ground states, a condition arising from low excitation

intensity. This case is shown in figure 34a where a solid with a set of

ground states located near the Fenid level is undergoing an excitation

process. At equilibrium, electrons must be entering ard leaving the con-

duction band at identical rates, and heles must be entorig and lesving

the valence hand at the saine rate. Sinc: reco,-bination occurs at the ground

states, electrons and holes must be entering these levels at equal rates.

The rate of excitation f (crm-3 scc-) is given by;

Sv sn n PE v Sp p ng C()

where v is thermal velocity, •n and aP are the capture cross sections for

electrons and holes. respectively.

-hir
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Since n,ip <y) I• pri th(: conciexitration of eleý,trons and holes

in ""mrid states after excitation will be approximately equal to their con-

centrations before ey.c.Uioln!. Then ng and p, in equatio.n (h) represent

th.,'nctnti of (..(ctrons and holes in groui(i states before excitation,

hence:

"1) f/a n p' aid p P/ , nf. (5)

P. and L thea-, oi~ime determined irdependenrly by capture cross section ano

ground state concentration. The lifetimes can ntow be Piven by:

"" e n !/v sn Pg and 0<p - i/v sp (6)

Free carri- concentrations then will increase linearily with excitation

inLuntn!ty. AlthougA tho. .'onccntri nlcton -! and P9 in theý Pround

states is the same after excitation as before, their distribution need not

be the same. On the average, any given state will be occupied n/ng + Pg

of the time by an electron and pg//ng * pg, of the time by a hole.

The re-cstabliebmhrent of the original distribution may give rise

to the long time decay tail in photoconductivity often observed. This

process may also occasion the conductivity and luminescence "glc-curves"

if the illi]ination is carried out at low C.•oegh temperature. to keep

this re-ordering from taking place till the solid ic warmed iip.

Moss (L-3) gives the concentration of free photo-electrons for

low light intensities as-

n =:riBM

where 1- is the concentr.tion of recombination centers and B is a "recombina-

tion coefficient", with units of cm+3 /sec. Since n can always be small

compared to M, and B is fixed, the photocurrent should always vary linearly

with intensity at low intensities. The electron lifetime then is given by



Sine c 3 has tht. units, of cm,"'sec 1 C on- li' 11CDrs) ri win t ) (10u:,tion

(6) to be- equal to v n If ertake s, to bv about. .10-11cm and ý .0

cm/sec, with a c~one-ni ((trotio of recombiuati-in retc', 'C (~' -

,-'el a lirctime or, s0 cr.. Cona-i dcrinp h,~ wiuea -i. !ikely limAits Vor

Sn (lo-'': to ioY,` vrY) and( Y: ( AC'' to Jo CIT W(m w nu id xic 33fXt.e

of frmr, I oý t,1o- I I,,

On the o teti' hand, it as gcncrallIy eonjs i Ocred:( t,-!t minority

carriers in insualati!'c' ý-_ý,:tnJs art jirmoot le, or nelr'v -o ancd hoave

cy-tremtel: shorL lifet~imes. This vi(ew is supported by lark of tr~ansistor

act4ion in highly insulatinr crystals and general lack of p-type semicon'iuc-

tivity in auch crystals W0).
While itt ir,~~i to T"~ssure majerity carrieýr (electron)

lifetimes by means of measuring phatocurrent dlecay, it is necessary to

use the photo el e ctromagnet ic effect to 'neasurc hole lifetime. Following,

the work of Moss (4h), it has bucr, shc~n, by Soummrs and Burry (45) that

holes lifetimos, as measured by the PFI cffectý, (-f at least 7 x 10- 7sec

can be found in CdS crystals of p - 10~ o1 hm-cm where the electron lifetime

is only 2.6 x i0- 6 sec. This e~istencu of larger than predicted hole life-

ti-mes, had previously been suggested by Snmith (4,6).

(2) In the case where n,p)) n,,P,, (fircrc. l~b),the concentra-

ti~on of free electronr aind holt~s at equilibrium under high intensity

excitation 1:ill be approximately equal, although their ground satte con-

centrations after illumination do not havc to repiain eqe~aj to their

concentrations dirior to illuninatj.or:. Since free hole-s and electrons

are being generated at equal rate~s their lifetimes will be equal.

Therefore

i/v S, p Pg 1/v sp ng



and 3, * n S)pNg/s5. * Sp

wher" NJ, = 11, 4 P,

T]h .•z i! ,*a z i i •<,•. then i.,

i

s+p

t• e his tiv , !<cH.ron o" , one(tJCWratiioil in given by:

C

wniýn ,! 3 " i:" 1',V'1Us ,.aqfa Is lnf-3riy proportional to Oxctatloln intensity.

') When rrcp. "arrier concntratlons are internixcd with grrnd

.-.atv conr,(ntrations, that, is, whýen either n.>> n : peý> p, or

Pg1 p 1 iT '>> n, we have n e case a-ising from medium ratiation

intensity. T-kinAi lhe first case, fx.i pluvious arguments n.g remains

constn•enw" P, will remain • n under iilumdnalion so

11 f/v Sf n a (f/A Sn)

The electron lifpet i: will now depend on their concentration and so the

concentration of free electrons will increase only as the square root of

the radAtiir intensity.

Again considering the cast of only electron carriers, Moss

arrives at a one-half power equation at higher radiation intensities

when the concentration of free electrons becomes much larger than the

concentration - c I • • _hSU bi ,,- - 1 .1 .. , N, ,

linear relation between photocurrent and light intensity holds for CdS

over several orders of waenltude, but decreases to a one-half power

relation at higher intensities.



Theoe thin--:::a:u :ip i-in:y nnýT~rezed in. fi, re I~c. Tim

particular shape of these curves naturally iopeans )ii the values if sn , s3,

an, Wi Pg. The a-bowt fl-iur corrusj)oncun rouiJ•iy lo t siuation so <Csp,

Fv.gare; Iltld soepreaents tee b.ua p uiture witli the auoitio., of

shallow traps. The addition of these traps oill serve snainlly to increas•

the rise (And decay) timc of' the phooucarrt-nt since ma:-, free current car-

riers must he pr duc,c The rise (decay) time thenr wii be iniceLasedo hb.

the ratio of trapped to free carrierc. At high radiation irAtensitis, of

course, these shallow tringe may become gnround stat;s, in which case the

discussion is the same as (2).
y.

In cruer to explain tihe fractional power increýýse of photocurrent

with intensity and the rapta increase in response speed with light intan-

sity, the model shoin in figure The isproposed. The increase ef photo-

current as a fractiunons1 pwer of inuteroity is explained on the basis of

a decrease in; the iifutime of the free carriers as raoiation intensity

:'icreases. This occurs as a result of an increase in the number of states,

which will have a high probability of acting as recombination centers,

brought asout by thet separation of the steady state Fermi levels.

Resonse tijee is given by 1(nt/n) where (nt/n) is the ratio

oif trapped to free carriers. n will increase almost proportionally with

light intensity and since nt will remain almost constant and I decrease

but slowly, the response time can decrease at almost the same rate as n

increases.

Tids cumeple. moduel, altiuloah satisfactory- for the preceedilng

considerations, will still not adequately explain supralinearity; infra-

red quenching, and activation. For these, the addition of another class

of levels is required (figure l1.f).

-IrS-



Wito the nodItiLoU G1 these, the Tohonomerja of aetivation ,an be

accounted for on th. basiu of one of the (lasses of scates havinf, a dif-

f.rent capture ereosa sectýorn for u~cctrons then for hol-.s. If for one

,. s ,of' u ~ta.es (I ), t, e c:e '.os 0.•:• f'c, electr'.s -d hol,,s

are the sacme aod fo., the cther olass (TI), t-ho capture cross secticn is

much less for !I i•e.• T.ian for holes, then under low excitation (free

carrier ccneentration ,;mail empared to ground state coccnt" .. tic,.) thc

state wii.h similar captuze cros-,; .ný,c tons will ,radually become saturated

with electrons sinc:e the ether' class of states has little terdency to

capture electromns, so ieectron lifetimes will increase. This situation

is givern in figure RIg. The "latent" periods observed by Frerichs (48)

in CdS arc proposeu to be due to this redistribution of electrons from

one class to the other. This period consists of a time interval after

initiating ilrluaination on a crystal which had been in the dark for a

long period, before the photocurrent rises rapidly to its equilibrium

value, appeari.•t a& if thu radaation is activatfn!z +±,- crystal.

Infra-red radiation applied simultieously with short wavelength

radiation tends to raise electrons up to the empty class HI states alluowing

holes to be captured in the class I states which are full of electrons,

thus helping to reestanli sh the original distribution and thereby decreasing

or quenching, the sensitivity.

If +h.t TT c'tates are "" s 're ve a widecr 4- g h"

forbidden zone than the class I states (figure lih), as the intensity of

radiation is increased, more of them will function as ground states (the

steady state Fermi levels will be moving apart). The class I states will

become more and more filled, thus steadily inicreasing the lifetime of the

free electrons. This results in increasingly sensitive photoconductivity

and so supralinearity occurs.



At s-u Cii.-:n t ty !xti I - ra-l atxron intensities , however the con eelln-

traiJ.tIs oýf fn.~tcon and holtes waIll t'reatIy eyentli- ci. rent r;li.i onl

of Freund ntatos, an at);:( equai cou each cth- r. y_'ffcct.s (1,A, to tlht

-rud of o tea then be comltoni' : te i 1 II, in(; t hi pliot acr to r I s no oner

sunsitized, by the-ii preseonce.

Rose also 00ivea an account (,C re-o.';Mn~at~ion in senmicon~luctors

which apparently applies only !- sYt.insi c remnlconturut ors, ill whi-i, t here

is a ['reeler corcentratian of eon< typu thtfrvtaiiy produced carrier than the

Dther. An. ;nelysic ol +he ftree carr.ietr ii t'etises at low ane hiph excita-

tions in this soloic huads to the conc-lusion that with only onie type uf

ground state a suprail.neai photocurrent vs intensity pnot. ran heý obtained.

If more than one class of pround state is present, high intensity

radiation will give shorter ldfotisics because of the increase in the number

of recombination centers. Low intenasity radiation canl result in a variety

of effects. Thre lifotimes of both carriers may be shortened or l-engthened

depending on the various concentrations and distribotions of free larriers

and ground states.

.6 Rose summarizes by listing four parameters and their possible

values by meanis of which various recombination processes may be described,

3ig these being:

materialt- iuisuietor, semiconrductor

excitation ranf!e; low, intermediate, high

grouna states? one class, more than one class

lifetime: electron, hole, free pair

Bobe 09p) has applied these theoretical considerations to CdS

and CdSe and arrived at the band picture for these photoconductors, on a

more mathematical basis. A model corntain'ing. two classes of recombination

centers filled in the dark aid a set of trapping levels normally empty in



in fra-r ed qtiteYi h~m, ar i ot eý,oi

Th, !-V 1kýCIv, .n n.crty mc~re at , 6Lo V and

.1. !.(VcV "N :i: oieY, W] c ratýic

V
1
ir t I; %ptui --rt. I.o' w !. ! t,1 h -a', ic"r er?1-rtuo of !,

for I, "e Sixi' r* ru, a I iii11 iyi .cr(c" or. s taluobI f t, 1( kon vol

f.xlunU-i, i , ifjP~ : ;-I I I' o, V, :10 s). atj7 t(. . W,ýt!: 1 a t ti' ucotcC t

probabll y ca ti :'' r.,001 ]!

In i:,vt .5f -itiig luiuinescenco- *..ffertr An slvrntlvtrcdCS,

Lambew and Ku li (ii' ai arrivu at. a r-ioue.1 containing two dl ffert rtr

lcvt,,s -in the ff-rn ido'i I,-,p, wli ch tto y densi.gn~it quo( v~jjjn-I ,, .1;;

activator, o r Ol e i~il.Iohof t!,L centers ic-t as rýcoinbina-

tjcn rtnt,ý ro.' i(St'; it0 0 ition of' t!", to rat alt hoav-i ru - fer to

soer trp. t -tv level-- (dIuo io Ag ions) ITho aroot t.l.L eV

bolow iTt'heoi-fricr:~o nov': a iircaptare, cross section for holes:

this capwtur 17iv r,, ori-e tv lucnlzescenta-. Once, a ceritto nas5 captured Pa

hole it ewotmo. ci l.--fu-s tho r tc. lumnoinscence unui.l it nas captured

an ceoctrun to o-c- I- vatfh thec tol e, thaus rcturninC, the level to its

eec rcna_' stato.',.t sotc ray t~ake rn-alt longer thani hole capture and so

Cani acecuot foe- thu onlof 1i,ýr decay of photoconauctivity and the rapid

decay of luinancscenrc,_, whrn radliatloon is removed.

The qutrir' ntrrs are those entity levels normia~ly found in

OdS at a.0 eV above t-he val-cnce bard and have supposedly near, equal capture

cross sect-ions. Tiheir function is to provide free holes which stimulate

luminescence and Consequently quccnch plictoconducutivitywhpn il 1,,i-nf,-d

with 1.0 eV radiation. These Ilevels correspond to those found by Bube (35)

at 1.0 ,iV above the valecair band in CdS andi 0. 6 ho eT above the valence band

in CdSe, which he ic to have ;,wcp- larger cat-1turc, cross sect.ions far holes
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UZI J)!lspllos Lr'CW 5jn4y 27.,52.. of C7'T'7 alloop a ~.CcS aii(: custý bjj$

.!ounu tiner'. to stlAV) pht'A .1,2y thoujti~ ti.7$' wI t re p"ý $sptio2( scent.

They were sensitiv' _ tc ' all rat' r. frov. infr"eird to uitra-'il~et,

x-ralsl grfav,-, on', alplia ancs !.ote parti-c les. Two, types of' photo-

conductivity were'jcconu tW ccor; iwrmani ouoetoeuxucnt. a-n t?), repJion of

tiegalbsc-rpti-n- trcn t tA r mm1r-i i n o sentte oho2'oenducivty
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po rt o..u L M'o:vi C! j c rCip )11 1%o 'I ", t , til'. JI 1 : U 1 1 '

r, ( .) ~ Th c d ur;i k',', -. ' -.. ou CUS. . ý'L~

3ucii structure was tv~irdna with Chulk . hOt cdlaic etC c'~n'k xtcnreo

t o o n Iy s I ýfht i y p onc. rm c:rur n . 1Lstft in- t ) I ;j v Va'ý r i nfl-

wil avc I ellftI C ~yj;:Wtlc fourid tc

am- 'Li:19(l Chuc 1--n..uu~ : thc f ,v .11, tior; , Lotth of which led

!LT7n'eSeoricR; w-t a- Wa'V-Jýcuth .c~'4,a iCA. Tliey found~ the shift

in activatoion ius 4t to vail~t tcnrperatsse, flavirg :value( of

2.3L. x ý,- eV/c0 K ilj " id.......-7i /Ot 3un1: l ýi so

found levels in the forl~d~nien ,rn ;.%6 V . ,Kfutmvauo One
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LS 1 L

'he fri ii. cc. T'!. -, :, f ' &~ 2 r ,' V Il 0 ){rK

lrk u I. . -. C n 2'"" $ 1 on& t- 01 ' ¾tr *-'1

r*-ehw-ir a: j..- r-do si i-- r-i-.t---'ar'tp j-s,

nroweve.-, the m t n--i* S-I I-[' rc SO11, 11L iy it flU to cut

accurate geT.t's S> ?.;s cr.am; trc ar-ton r-- -- '' uf,, i A;I thou,-h

it is waterri r r, <"0. On:- -nt:," v- 414' y mna rQUIri trdM

hcr-nvav, o(f''. hr n. a> L¾&cpw, 'r ni--ia,- :I V Yt r to '10,> "air-

brasIve"l is cm>,, i, n a mrc--ct No r.vmw- -y ('df&" s wet to this rweUin

a sl).Q ( sri: x 8- 7n o

MiE, cL'nforetuor' s;-acs of forminig n'ri-r-,oh--ic o: ot

to senicondoctors or's--cs(i , on, wit-rr: crc~t-i 7121 tras boer. treated by

&-lith: (p6"Q!ge. (S?) cC al_. Indiumf- alu-j palloon were'( rfoertodi (56)

to ;terfc.rwr, best onl QZS (ritpc), Ams' amr tMry (3-) ced oietr-opiatd

nWIkl ard copper or, rwth ri- Saxi ý.tp-f a Il,T to ;.6iui ieý bcars were

solderedC. The u:;e of Q1 "r v-type svi Au or, p-type Cole. is; ri-pn(rterI by

Kroger anid de lCobl(35). waz sa '.1:. r'~ci-rx., adapter' for this investi-

gation wits the eetor rit Itir ;z cat aho xpun Cc;'> d-.;ena which

will, ho explai-noc iscor.



Tyr'r,-a i--iyv1- il, ('1V(.u: (lii ti wit'. PI '-W-rg, cte rii

''~.¶;f.Jeo..ýe w I,(!: c 'g ro 1d (~-I :a, ts ,ý r ye, the 5"'11

ep~ P~nSIj~tr~tt. n (ILP(C ~'~' '~'( ~.uhc:zn. 'iyp:(.;11 p-type cuq, '

'' pinji ry ) W. ti. r~oh 0 cio ' rs ýtamrins of 1()1-10~ ohms" w I

'Own po fr., r wit ii i T) -I t -rtr- sh,riw ; . ' rl , n'e! ineos of -

ý)u.,-Ainn' r(cso ýt .1' u k ,I W'I Would tw (ý-t tp <

VoýIn 'nCal' ins, Lernai appareint r( n: sLSance of 9 ;x Wi'hm~s with In

cc;acts 'an oiftor th -s,~ ilr( rr moved with the "ai rbra:tn ye" anu Au

applied the L~qa ternt niuLw w opj(' fn hx 1 t6' chrts.

The indi-um cecrtroder, Are app)ILed by vuecurn plating. Since

ra',,!(Un indiumt wiJ not "wet" a tungpsten heating eiemcr,:, it is evraporated

!irom' a conical silica Luat Zrupporterd in a helix shcipeu trunpSicn wirn

neatr', he cystals *3n'V susp~en6(eu by fine; platinum wrcautoI ice

abuve- the buat, the Lentire asscmlly Ueig neOri i;Jn a bid] jar 1denyt at,

a pr"85urtm of 10-( mmn Ilg by continual pamypringr by a mercur-y diffusion pump.

Since criectrode5 are desired only on opposite- ends of thcn

sa&.pivs t~hu eimuinu'aiiilý,Sdo-s are carefully cleaned~ off with the "ar

brasivul" unit.

Gold contacts are applied by touching a drup of AuC11- molurtion

onto the desired spot. The ac lotion is allowed to remain there a few

secondCS and then biottLed off.

b. Thencal erni' Meayurements-: To determine wiiether the sanrpies

are n- or p-type, the signi of the tlhnflal e-r-,f was m~easu'red, A temperature

di fftrential of up to 30 0 C ira! maintained across the crystal by pressi-ng

it between hollow copper blocks imnroulirn en of wnlch was flowing hot

water and through the other cold6 water. The hot end willi be nearer the

intrinsic ranre.3 than the cold so, the Fe:-mi level vwill fall in a n-type



mat( rial zirid rir, i r i p '.-tIw .'M 'L pl (I-; rL levi .1 t'ii nu I "Vi

the *banis, at the h,, :ein 1h, ii i'vf; t . r! in 'i n-typto cmryt;,i ,~ '

in ' p-Lyi'c. PhiL 1- :,i i, cn wi i:eor ~ieziilvu f u:' on typc Pntl Ori

I-ftýt '',) 1,6 i -)

e Ttra :rj] 0;: ici. I V ,ý rinj, biul pr., it: Ail utler riasurc-

1'antz werr -arricu oul , tre:,nir ro6 r dcscriL.'d in fifgu'e 16, Usini

it', meazuring Cr r it!
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A P orkin hi rino s,'i i -die-bcaE. (-o ub. C- pa"; s molofc'hir'5l to I

"equi~peu .. it.i ruryk soý! a G~.i- ii i(lo-bar' oporatc~ir at. 1WO("K isused

, a thc radiat-ioi sn !or-cc vor~n n th wave] ciy It. refli on o f(. e½

aý ; c yinli A :-I I- " i ilkI i io' I :-:oun t"!, on it !( wjivi dorIo of' t i;e IMmnoI emh onaIl orI

iijC-flji0-, witi i. pr~i-oisi-n r,-sj stor arts (:r, ci11 conrel ituttsO a voltaj,-

divider nc-twol rk ftieci~t £iWA tc he X ;o:iAs of tie ri corde!r which is calibralcit

in trr c, -v -r Th Y oi, As fed tii r-i etly 1mmn the ?ourr( nii mCss-

urin(- C0T ee a- c U II. ai~d i2 -. LlLrat(:u in terMIS Of plotfCCrcrtent-

The c:urrent imwasjrnin e ii consists of a Kext,lhly model eddli electrometer

meiasurizitj tho vil taFco u,-op t(eaa dee~cad rcsAi-tait tc ull, of (x,( perce~nt

accuracy. Ti.vcitare ist nover nvin tyowi lb md-llivoltsa and since- at least

orte volt is a"y tt s the power source, the Voltal-e of tie( powe" source

willt be the vo-ltage aeu-oa Cue .'ystal to an accuracy of at lteast one, per.-

cent. Although, o iy one volt was lxqsally ur~ed across the! crystal to

avo~le effUet-- doe III i -Czl i pore bd;Lc crystalIs nave sach high resis-

tiviticz at low terperatures th:at up to iceU vo§ a; wcere used. The- ratio

of' current Unider illumination to dark current was measured frumr one 'o

100 volts undler starteayu e- tit anid little change: was found.

T!,P brass sapiap! hoider so~owli in figure 16 is Lttached riýgidly

to the miunochromator, and- cennoete:d to za, vacuum a-nd j-aeanddinf: system.

An atnmsplerce of high, purity heimis isainta-ined in the h-older to facti-

itate bo-at transfer after it ias been evacuatcd to a pres.,orn of 10-6 .

The saxiple is held in pioce c~y a !3pring loaded plunger which also presses

plati-num foil electroues again~st it anou is eiectricaILy inisuiate-d from

the sample holder b~y 0.3 rirn thick mi.ca sheets. The foil. clectrodes are

bent over the ends of the crystal to shield the cont,,acts from the radia-

tion. A thermtocouple :is ainihodded in the holder adjiacent to the sample

for temperature mpaseru..,emnt.



S .- :pl .e ior.', wscom,.iished through a perielase (Mf0)

window tusCd to the ground f' ass ,init connecw n Lint,, hi holder to the

vacuum system, S,;ei, ey b! chJUij:,id without. dis•ut,iriz, the position

of the hojder zeo V,:1- rre,.iftioe rorndit-iols wil) be ieentC.jr:. for qll

samples.

Sinc': it ij vital] to h:ve as nearly as possible identical

ambi •n-r condlitions i thir r s;,pCt tLo the meaesurilng equipment for each

stagr in a scr-iu' of rcasur-ements, a d&humidiified sheet aluminum enclu-

sti.ru w.aS usco to surriid the entire apparatus. This gave much "cleaner"

record-npgs aid jotore uniform measurinf, condi tions.

Wth thiu arragngeoent, photocurrcrita in the range of 10-5 to

5 x 1O-13 ý lps ovel, tht wavuIlcngth region of 0.5 to 9.5 (2.5 eV to

0.13 (V) can he measured ccio autonatically recorded.

d. Impurity Doped Samplest The crystals doped with A,7, In and

Ci were uxamined for cigns of photoconductivity over the temperature

range fron roon temperatu:'e down to -1y6
0

G. Only one Cu impurity speci-

MI. (p-type) exhibited some photocodriotivity below -!25('C in the region

of 2- (figure 18). The absence of photoconductivity in the other impurity

sampes is almost .certainly due to too great a concentration of impurity.

This results in such low resistivitir-s that any effect of radiation on

the sample is masked by the large concentration of free current carriers

already available. The copper sarlxle which exhibits photoconductivity.

for instance, has a resistivity at -125eC of about 2 x 108 ohm-cm, whereas

another copper sample (with no obsarvable photoconductiviLy) had a resis-

tivity at -1250C of only 8 x 10ý ohm-cm. Other typical resistivities of

samples which die nc, show photoconductivity are.

Ag doped- p-type (-i0°oC) 107 ohm-cm

In doped: n-typc (-1250C) 1O• ohm-cm



e. Fare, CWdJi Sa~mplesz Indium celctroaos were vacLIum p'at(.u O!to

the Snarlpes cot frrow A r CfITe cr'ystal. Th.?ir variation Itt resistivity

as a function of' t. yrt'raturc wýýs mencasred and plotted as Iin1 vs l/T

(figure 19a and 5,nlc( fran ijarcs tlc rusistivi by of it 8cmleon-

uiuctor will vary is e a,2Tthe rCI~tDen!3hip A, 0, can be used Lo

fin te ueiv[ C, e rx'for tfiu, proct-ss of -3Aisirg 'i electro~n out of

the valence bandintc. '-w conduction lani6 wid 105vinV, ýA free- hOle behind.

From this relatletstuip wi! cani trt .!nt In A + (E,./2kl) wherl> wJIl

bv the slopf, of the in, fi-om wlirl. Egcan 1he obtained. Values of 1,0~ (,V

were obtained mes thie inl'rinic tluergy gap for both of these samples. Since

the lower tomperatluro. or -Ytrirnsie values, of theseý two samples vary so

greatly arid do riot jýv< froon stralpght lines they are probably iirdic-+ ireo

of leakago resistinrces encouit-rcdl -in measr-i ng extremely sm-a2j currents

at very low temptresturen.

In ai; f'fort to determine the mto~t suitable ellectrudes for

photo conductivity mreasurement~s the photo-response of these two s&amples

was measured at room temperature (figure 20a and b). The indiumn Llec-

trodes we~re theni removed, from sample no. 2 and repiacwd aiith f-old contacts.

The thermial activation e-nergy and photo-response were then measured and

as can be seen fror, figure 19b the activation energy was lowered consider-

ably below the genecailly accepted value obtained with other electrode

mh-- ial-, and the ct
4

-"ty was completely iestroyed, even at

liquid nitrvgen temperature. Rt-moval of the Au contacts and about 0.5 isi

of the crystal ends followoed by replating with In only very slightly

restored the photoconiductiv-ity. Thid sample was not used further for

fundamental measurements as Its exact composition was nows 'i doubt, and

Jn was adopted As thep standard electrode for pure CdTe.
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The i ntroin .c eiierify irap izctol ;2inltý ften fi1 -ark 20) Iplivt' value

o £ 1 .5 e V, inl Fooo alfro ienwt. al ith t he ~TT S ac't .iva tien exn errý uvse ,rt-mcnts

In fig-ure 20a, ano t. ee. .tnAn !! Akl , a ;, -onri apparent pk rA c;U11e

o s erve L i n t he Vire 1 > 'I j .- f1 1 Q;ý There j.- :inlso a oi itfrr~nc nl the

piioto~uece t opencoir~ oij-nt, he j e, ioin .dl rl aui~atOi w~eiiu piecesltlon;

i.e. short to long, lav(:-lrij ill or lonF to short. With these, considerations

in mind, the. phot-ocurrot was Ineasurce usinp constantly changiiinj- wavelengtho

radiation, in. both directions, at, a number of' differenti temperatures. In

all cases the sampie wate rooeld in she dark, before being, ii n1ilnated. It

can be seen in fipures 21 ansi 22 that the second veak is clearivy resolved

at 273
0 K iaid the, shaFe and relative- heigh-,s of the curves are f-rcatly dlepeno-

oct on teniperature. Fir-ure 22 Fives a-J I the curves drawn on the, same current

axis to better show heruroAtion ",o each ether and repra!sent phcto'nrrent

when the rauiatiori wave Ienjgtn was c!haijrrng from short. to lg

It war further ouoaclrved at low tornomcratures, start-Eg at 2(30k.,

that rise and decay timecs starteu i ncreasingý. Beýcause of this, further

current measurements were mace under cons'avit wav(:lenlgth radiation in ercier

to assure eqjuilibrium. It was first necessary to :Aterminine the sh~ift in

activation energy of each peak with temperate ce as shown in figureý 2-- to

know what wavelength radiation to use. The figures fox the( intrinsic

peak agree very we'll with absorpt~ion measurements of Bubc (sd) ano dn,floc-

traic measurements o! Bailey ().Measur~cments of the secon6 pe~ak werr

loss conclusive., indicating the shiift. nay be partly r-eal and partly duc to'

the ~~_tv~rhnnne in -haý c -peh of thf tue peaks.

Figure 2L shows a series of plots of maximum photocurrent rs

re-lative intensity for each peak, using constarnt wavelength illum~ination,

at differlant teriperatui-us. In al.l cases tine procedure for takinf. the data.

consisted of (I) cooling the crysta,' in the clark to the desirea mperature,
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(2) obta-ininr sa~ oii k nc; 1rI.-, arV Pcurin t), ( i) ineasering cI A rllI Ibrium current

dufe to 1I .-; raciat; i-I. inn , density fi i~t-r, (L.) ohn;n'to .1-I el

radiation and !nVeoU IejIi'g (it; i.1 LI ]U:, i r, (' ) loAt Iirg Currenti revinU,1 i-i

dark va&lue beforc1epl xet, logý steps i eelý h, wj iý lenser wnerci tT~ies.

wt-,r ec(kwt'-ý 1the prf0 p(-r cnmbn iatien of .1

0, . 3,AnJ L -%ittrali ei, ;-y fi i te-rn,. DuridW t his S(rcaoi of

Jmcasltrurwnts wo a i:-~ OI rv I havt ., ;(1JK IIa( jpý,cc rreiit- du- to -1,

rviiation - I d l a ci:-n time of so;- few, mir-iutca. Upo'n intcferu-ption,!

j hur. mat ion , !;zwe-!e, 1,- a decay waa ra Icpid. I'o thc trumptratij- --

2 nowe;i fu t!'4 i l- r .1L ti a- inoýrcancc to: axt I? rrdn et-s at. PO~x 1

aeusa, '-30-i., lowI :.j )!Hu tta a -A# ;Wt.)e. -his: tvin- for the j .1 (;V pea;k

was ratth,r short in a0 A can~es. It, was furtir.cr observed tlhat -'f illumnination

were mroitinued aftk r tý a i~rtnsic maxiron was rcac~bed. the! currnt~i wou: II;

torrr')Cncf very I 1o",l T" Ietc. this fier- allowen t.,. conit.nue for a

- i'cw mi-nutco bct- r- 11I.- naiVtowas Obe-1 -a to 1 .1 cV, ftie A.I cV peak

wool( [1 heConis~idcabuylv wer thanf if thl. e.tijav< I r'tli wcre cha~noec

A-ismediately wihen the r-ia waa reacri-ec. ld-th such .ionr liou times it

was diffic!ult to esntal-lish (xcyartiI Wi.-f ttýe maxiIlil; h-aid Oile. relached anu

so certain oh' tre !- .n V rcacinr4s are aomilwnat low. This rrxa account in

part for the scattering c±f dat-a in the low tE--mperatare, low, inteasity

readiings. The cnl~eet at,~ lu~ Ii.; dcnsity (200 ann 0 reiatlv",

intensity) arc prouably nome reljia-ujf &nd aon&cagllc~ ii.ay be uie

to their form.

Decay tin~es aiso ji-creased at iowur ten'poraturcs, to such an

extent t-hat, aL 2000
Kh it, was neccasary to rutun -the saillele to moor. torfior-

atore and re-cool bctwoce OaCYh different int.,asity reading.
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thos"qt Cureto.

1. Twc rx'rti. IS is 11ý wan C t - w 1 Win.) ;W 0 '.ns).

COfliuctiv.L z: r i's, i .(: , ;i 'tno IUvcis It he fonni i~i I-aj-t .

-ily O tlis parti(ea jtar _snipI'ý abtit LtPUG wa.,

lpptmpr' ai t f t t-ul -,i tAr

P. Cacfl in dieh nourk ipr telprta .i)

3 ~ -1 'rt- h W ri rot, i ot in of' enetrty 'qo L I t,, tiii, 1 1i, .i

activation fin .- at that tem7perature, l011111i an urtI ~t~il'ren'. is
obtttcnrc.F o-' cr~ t ;i tia wa s l(t) ý cn-r rrpo naci n' to, an c rr t-u', -: ;, C) c. V,

.. d nI '.'r1,, rai; jat a u!; a i:J al I w' nj-I ra 1)i: ' d i, i dn p)rit i'r r i- n'

to tulco tac.

*. BOUiC- :51<' xIit,,d " . I

antd rates of f'rar;t.n ci-rr~es per r.tnote 'jave lecer, re't'rt- lh, f rat(

use,!u n-rc- wut, a ou t ýcore. s pc v iit- TýIe tI''l i '' twIS 't to'

current. ontwrnit and cf tiing in *Iii tihtnil ly 5 j 1  S 'ItFil

lh:1-n'd of hAs1 cs-rc:.t Was f,-tuna tO, L9zng.. 'fai'

on tam!-- of ir t&'-~~p S11'S:tuaps).21t 5 i ti~

is dýLffdcu-t to know exactly wf.,n cqn iiltrium Cufluitiona 5lrebtltii

step _3. As can) rc sr-iK;i f.1v:l-.irt "I , ,.ejrc i!3 a 1Ou'r' burnFt of th lly
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(0 ;o ~per iopcu2 2.:s The to fo iatioui obtaiinriwi phnt o'1

C()llmwpCt 1 :..yi, t' ý-on--r flcp s n7i cr,.-Uý !S~ii S V1W I!!

i usip-lt Int 0' .,!ý r\)p( r1A i of2'I Ii tsel i. It Joes inoiateu ltowev-f-, th.

Cu im;' a USsta. , Vw to do, tfivIs rise to a set Qf I(VilSF nio-ot 0.0' V

sib:ý,Ve th 0 aýIl VO Unn At ruon 'i I c the cmoiecvtral iii of' unt. ,

a0 1 I t I d ,; wl i." w II iD, a, f~u Ij;, uIi t I CcnIt, cr.7 jl ,; qu M t7

tmnet t.10. . ,i 1. ,, 1 'na

ant~~~ ~ ~~~ i U 7 A 00lly at i'(nt", Wit, mi zo Cifd i,'IIf (:Olcit VIt', i

13iiUrlf' tliMl 1!, .'t'f 0, #itp'l'evý, cofpcr aiiddei to tho, cryot a oaTi.-,s

15107y0117' a isli i''l thlro11jirtat t-hC CiyS1,al thrio MýIfl tt

rfU,-;t'll ion uo(iulwr 10111; on tro .rdier e f 10" cc-! 'Evel al iowLnj- for

serrlegat 1-'jol:.Lf crytL.u I iA.. . " If-- 0 i t f thcscsl: tvtis I ý i :w

appmricil .j 'CC rc-mi r a r'r , 1- s .ZJ_ atat i j i'A 1.

vaisted up (o i4 '11; 0 1 . *; a ý,., r ajiat'ion wiJ " luewisu wo

s-i:. 000 a t.ýj( nant, :r e'Satrvadv M~ealn an om'

4s th tt cii rau~e j.1 wured, howtever, the concentration of

cmp,Uy s at~s at u. V CUOvi tl?;- valence 1-% 0lcrcasi'5, aecX'Casirf, the

nuxrbeýr of' hoieý in tf, i1umn-_ 'i'hi decrease, ito-lever, is :3iill

not su:ffic.'ent to at'f ý: Ijm, -r:Icciatrtior, of curranwt carricers runfi'ý

.... ~ ~ ~ i- n_~rana ic . -- .,taosrnive~t lLsrrvcd. T.-i

xsight alaso'. rcpardcic as an i icruaseý in tho concentration of emipty re-

corribi-iation, -erners with tnu re.sulitant. decrease. in carrier lifetime,

which wuld also, prevunt pamaodc. ~ t fees being observed. If the

firesc case wera true un- night ant-ic ipate, fnbding intrins-ic phto~tconductivity

at itower temperatures, sitcn, lVSEi faunrd as isw, as -JibO
0
O, w't';re.-s

the second case Ircae th!~sii ity. The fri-t cth':t photocond'uCtivity



docai occur und-r eVn radiat~im) helmw about /5(,wlich indiXýatee thc

cooconcrat~ion ot' freo, en 'root arirrier8 (holes) (toes in fact .:ncvease, lervis

sup~pori, to the trit.1 r caoý -b~ of course, anticipates near equial rates

of 2xci taticn fur theten werde-Jnglchs

WhAi, maijihL b, aei".'CiPated that Photocodiictivit~Y d"', to 0.85 eV

radiiation (1 .4>; )ý- al t~oe be aýneountered, argoments s~imfir to those'

aojecan acc',mt t'br its absence. At room t~emperatuce the net, oIilt

tioz, )f u:tiers ralsou h, the cooJ,.ctioi band will! 'be ariul -'wpitree to

those already there anJ at, .ow temperatures the concentrution of e.mpt~y re.-

combination centers wi;ll- prevent a noticeable increca~e in carrier concen-

tration. It tim uspected that the incresau ill Ole conc entrat~iorl of filled

ground stinter: at low tei~iperature resulting from 0.65 eV radiation nieght

resul. IU to aP'htocurrent due U; 0.8Bý eV illumination if this clIosely Th)I-

lowed the 0.65 ekV r!ýetiýfion. This affect, as can ho seen from fiaure- !8)

was not observed.,

b. Pure CdTe Single Orystals: The band iaode.t for CdTe. as deter-

mined frv)m the previously described measureme-nts is propo~sed to be toiat

showni in figure 26,

Conduction 3arla

Class Il States

Valence Band

Figure 26
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From t!}.e ia>no p..r-, oJ il.. .,er !. al , 'un~z X1,; U.lý . .h

intrin3iC snnnnonnlit iI !Iii(I .'nt 1't.);. ;,).f'2.'. i W

ahou t hcDO
1
E , t. 14,C 1~at . . 1. ) ut tI' 1 c (it)wn to ,diu W,

can an y) an iiqlri 1> , or, i. t c, ý ;ia' i, CC to- ~ t lil)

These leveiasi al .rV al-v, It, ba.'i.-w h.;a laajiui the stait 5Oa.OI(

)' ii "I rr o.2 1i a' Ont a.) C) ia . 1 rca t t 11te

a¼,- ; ; iffi' ren t cmi( rli t s a qu:p. .ied(

in oifl',rent ot dcr3 v.i- u ,f . ' ,,iqauyroturtas 2Ri n1 low bc ini'O .

a scmi-qjant itati vc mut'-r Ly o:ý ,f' t iiis mn,Ll.

3-P_.I. ca~ire Rztnf(:t At tlhis temrperiturce inutr T13J: ctcnulc-

ti vi ty !,ives a aiark current cf ahout. a. a.n~Sils, w~hriqf- t,,

x 10- amps, tin';r 1, fV ilhuuonnat ion. itoe changy,( in cend-,i. i'ti t.iii d e

1. 1 eV will be imrmeas-iri!)lv sareý because of' the large concentration of

thermnally excited Chrrierzi c',air flu' riumbr iexcitlid by rid-iatlion

I1LmIxniataon of 1.5 -I V renc -y, howev.cr, a ý acting on a inroate ,concent ra-

tion of cioectrons avauiau; for exe i tatA na and so a sem.0 1 phntociru'ueiit is

produced.

3000K Temperature iusuie: Here the dark current, has decrf~ased to

.6x .C)-8 amps anu ai saiýnifjcant phctocuu'rent is beginning to appear I'rom

the 0O4~ eV le-~ 1 
- With th'ý appearanco of pnuxtoconda;cti-vitv (100 to 1.1 ;

illuueinat~iuor 1at1 htle~nn-iaif oF efIects ouit to direct~ion of' wavceriegte

(eeg)chanige is observedi. As the conduction band becomes theroally

emptied tne effect of iiutrizuiei rae.Jation also ~-e~s

273
0

K Tenuperature- kauxop The crystal is now enterinf. the transi-

tion range in the thniiactivaition energyr plot (figure 1p) and the dark

current has decreased o~iuy sligiftly to 1.5 x 10-8 Tne accompanying decrease

in intrinsic conaict-ivity results in a much greater contribution to the

photoconductivity fron the 0,L eV leve!, and! toei effect of wavelength



proession has kOCOw (Jaite pr~onc.TIis is readi-ly epindas

f!nlIws: 61 geigrorr ionp, to short, wavelengrth the crysta.! first expev-

Csnte romr i. eV rnar"I~.on. Sinee theý 6i.: ,V level Is,

h~n'thermially eng t ed; th- s1 itjht incre~ase. in pho~tocurrent 6n,- ti t hi s

level 'blendis in" with Itho rise, cf the Anicluinjie ht-cre Ao the

radi, '.in ,-henC(s t~o higheýr cnerfies the, ourrcrt increases unit~il a eayimuaq

is rea-uhede at 1 11 It, all Uhu ouiw~~a,, thf' 4lumj_--ation is started

from the, high eneri'y erC, elections are first excitpo by I .!: (V radiation

from the valencc- hand muto the corid.ction band and the ypiotocrirr-nt. quicklyj

reaches a mnaximnum. This ;qaximom is much Lower than the previoossn

beccause many caceue ue~' ickly trapped Lin the now partially empty O.L (.V

levels and shallow traps. TI it is, the e~xciting- radiation is proceedinp

from a region of hitrh denisity of "excitable" electronis to a region of

lower denrity.

Sin~the conc.enitrationr Of ' Iki od O.L. cv levels has now bee-n

increased, ,Aicii the radiation changoes to 1.1 eV, the current njay be

Fgreater than with l.i eV i'll~urination.

This effect. is very clearly demoristre.ted by varyini! the, radia-

tion between 0.) Y and 1.1C -t(l.316 to 1.03 -:V), ir. wh~ich case the

phnt~ocurrrnt due to 1.1 eV rAdiation is the same in bot~h diirections. The

photocuroent frum I .1 eV ill urination is also the saint in bo)th directions

when the radiant enerjgy is varied between 1.6 anid 1.2 eV.

2200K empera tureRan~ge: Thei 1Ll eV peak is no,. corriplete.1y

absent when going Iruvc lowj to.hg aonrelcs; i.c. the ().-, eV ie i,__

been thennaully ec-ptliea. The: decrease andi final disappearance of this

peak is accompanied by a steady decrease in the intrinsic poak and in-

crease in the 1.1 eV; peaik T,': the rrd.t~otinon starts at the high energ7,

end. This further indicates that, electrones excited by 1.5 eV radiation



are inl fon;t t rapp-(n oill, n.t V . v2 IV' sin: '2.;! in '1. .

filIlen O.h eV ltevt']:Is)11 'so muc. a rt~han th, ;iet, c,.. I', !ý.I

frene carrier-, plIn- ' :1 !i' t' and Ly tLci,,i

photoolirn I-tn j 1), 0.'.-! v ai I-ro'o .1 .I V I irinal

sl~il'ttlv hiyher th;v. . 'V !i, ,..( 'vm vu vý,' o

il . ' 'i r .v '.1 c' u I ,l t i le ,r I Is. -j " v tI a; Z) V - I ; '' , 7, ý !

emptieod i'tl L at .(-,PK :v e n 1Y s mai 1. wont. o f plot, * uv'tivIy

in tie i nremc~iat, rej ý- of' Iacl, pealk.

It was !to''-.' ('S.r.' n t.4mn,-m 'he( (Jiata of'1 j pirt

consitant Wav. I(pv nrdm ;un .Bat 1(1 that the- pnotocurrerit 'it' Iw tený,piratur" s

cxhibi tr !Yt r( mran :.-oninr: ta ur-es (up to onc ho. r) la~i te Vii ý1)n4" r, uf`a

tirr.. (s(v(i- , in ura) o0 5!, 'ý' l I~ _; fir 1rahts may if ssnp-Wi~at 1 'r, at'r-

t~har, shownini "o 'n I am:,? and tiv ''srr. clurrent may .n:, in lwkr. ";

foljnwilrt' tatnuiatlolr a' v-v'r, orws that the tIm-.rds ]flciieateni bY fi s-rums

21 and! 22 are fo : ,om- uv w ,vi v.6 t), crrr-c. wavele.nQ.;7l ;, owud' cci

currenIt to atta uo.

Temp' .i Lartk 'Curr. C.' Charij'map, Golst-ant
_______i.~V I. e'v -~e e; V

2 3 I.L x: jo-a L. 6.(, ID0. 4

200 1,. x iý-)-'? -ju 16' 560 1000

2 -0 24 ?. x it)-;, ? 22 0~ 750

120 ., L'1-) 15-Am 1:

"fKiures in these col'emns art 3: saie factor of' 10 as dark current



'1 titH, 1 y uS"i' I i- l. ;t.; 'I I I St 1"t 13re !' . Tý" '1' t"

8;I3tfl S i . V, '1it o, ý4 m' Cnun ' hi' 2. s i f

.rtisaJ, n"ci 51... Zr 1etU ra xai 5 ~1

intcnjltv. ThiU r' n aý p.-•itx-cu rrtnt, vi lg pt t tt.y 1,~aII

1wr gr.-al ,r thaýn urn

I. hosu;r',. no,, - by; I1. V raun~i. qt ( i t-son.- resu-

a -it] S j til .i'I iaf, I' P .DllY''k aJn L u Y Iy Rsice( l ci a ý sir ILir zt.; iv b

rauiat, ori tit, . w .. Sit part icu, .: -, Im i uin..iw ti.. r..t s r

tialliy fu.1 I! v . ai, ic::trtit: ati1ri' n,.7 t:.SWi

t nri ... i r X ti 'lcr '-~ id.ý F1. t t l- t hii '-ct jar, wi 7

t ",t i; t 35 I C'i A L'tl, ii tt.iii . ltE t

w!-. t1 :.v3.t a t tit Li aJ !ih e at, u. I rlii oales wev. t, 1- (A

errqwilth , n& ;t ;.n etms sai. 'li- ans .i ut:3 W11 It in

4,TxiciW e411 itU. .ri+t t :j'h.? jail" S'irj. (10 .flC fle C1 11th 5 wal

L.1'te ey"'lŽ t Ž 1¼r n~ tI etti:. t%1.:; atL p ivx I j, aty t, U i ut £5.5s

5 st tes, ta n 9 I st " l' wi 1t nia i n b; irem t L rat- 4 w'tt i .. tnn

Tlti- ioiq' !m31ad a-Cay tame. 'Ot itriu i tUe.PeratuniIIs

where nupralinearity ercur Ct. ti en ace. unteu £oi athte I EWE( mill - ssary

to cause th~e rcdifstribution of etra andi muss in si~ two adifIe•en;

states.



* ,,' 2 '2. %

. 23al- t: I . n IV iv... r i,.'' * en(l f:'.r .041I, I ,

w.:3 333' , i ,, ý! . 3.3.v.ii Icr i:

ct 2.," 1"jf3..3 . r : ,.ilb v" apr V-,en r ntn.

by 'ad ' . r:" .3 f w ''Fl .. *. 1. lA.' 1-, a of.

tn-cy cral.''f r :' 'r.: . .- 1; 1' w, i. r -. r: eO t3'.

di' rh.- E --cno rn anal tt'. !,.e, e. r, a ,at nof

be~low t'ie eormuuctac,:r; b'i::v Tos !inc 3 '..: 31. tljosc located at,

o .L et' nbovct: '.a:f-n c uaFOC as1 in5((t&33ll3C _1 C"( '1'".C 133-vcu 503.54si(16
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Meu a. or Mm n v ect1m, w. t mu wout h II %u t0 6 is xn, nn. of a

.uV DOW"0~ & n womt3 on3 A tlz tb atA ic cn thn 012(0 3,i o.t-ý)

I f I f C~c t. fr i !5, 'u tI. 6' V 33Ž,

V&1,133>, ba33u 3. C3,te2I 513 e3l t'0,-V3 S Vi3~3- (I I L412

to b, rais-6i3.- t3.''3u,, .' !!t e-.j. t Lo' cL3ý I. 3 3Ž3

C-~ hc".A y i '. * al f3,1.jrtt as1 3,x~3



*f . -c '-iwi qu f z r., rc fi:--ni., .s Ll' four), 1, ~rý 1 !- tY

Sat-_;C- - a ~J tI~ p C i' t; J! UCt a J.:f ,i'i'lj.f1.A1T1. and~

ru1 ~. 1 3 a dl a Id a, 1,1' wu I ii~ C pb r k.t.

onle i-. : v JI ,;tJ C'. L, u -; ia'L rK 0. -wli c1

pUrjty. Th' 'Ile 17roCWttn of' r.oc J~~';..CW 1 0

coflt I1' ut 11' c, . jf. ~of:..j~~ vKA:'

about LO' iajs s was .ct t'icr- ~ stf of ii, l~c'- t stair>.

mat lr wsýi n)g ity o 1 -_.inary C. i acf

`,fit ailei-: o: fuseoo alum-na pi-,it. tL) be sup r! i to Lu. 'A

3i~lic a vr "Vy(.o," fnr thls i ý frv7, a -¼rabliJty jr ofw virwan ir

wer. n L o ali otjct-i, nat, t, fm -c p.r"ýt statdpL.jjt_ vU.

of 'KIgh pturity helior antm. ov.(r t: at preventcc_ rj1 -c,; aLifl

c,z. Tr,.e yw At n zones fr-t- fit Ill? XjUwiti i1.-

~iCrystal Civovth

Hi.,i p.,irity 11s ii cT ,:iaa 02 Zno (! ,.u~1ai. t; fo:

phot..condLlctivify rr-asur ente were ý ýc U tý a . c1i f! U ckluui', v

f'urn ac:e . ';t~xy robust cuw:aiijer,-, cooptn iaaC vv WLd, .&useu

z;. licz. taltcs ý caseci in .. fus,-i aluiwra t..O , lKn. dco c tntain

thfc pr.ossure of Ae rc.2t .iigcrystaJ' romwt. aVLXJ tloys .:i-i not

ur'..ve reliauli f. r ZnT, a-th-uOi. it a quit_. ocpendable for U;uTe..

tipht fittaip casing of . !-c aite wit; a ser-w, týDn wass attr10i~tt21 tAo hcI n

thcn ZnTL a-ic kith rodifica iun, ,* i vL C ofl

Temperature wa_ cn rol 2e; . iatlo.fl1i rlssistancF. ti~errym'icC.r

terripcratur 0 ccntreflers to w itC n a-L IC000C over ti e three or,

foutr days nococýssary for cr.ý st n* rt Using a growi~ng roýt, c-f two ix.



per hour aon an annea I ink: rat ct eor( tis per mi-)r, a suecv. '-at io of

about. wK%'as ,,Kta-7ii -.* i row~nr CoTc, hit; :u r( ano copco. Crýntoi if:

we re f-r-vi certar. . .,ýi-;. pei Cent sndum s~ver. auid coppe r. The

1r:1'i Kpe~c17Yst.-i1- ow, , -- type hrtrW. i It siIvf. r-dvlnd, ('oppel'-

an p: '-rv l wfe, L)-ty.pe -q-' Lroocat,'i t'y thermal& efff z'aasurepients.

Ser, fli-dsureu ant1i I a j.6 . ro-so- 1-. eplir: tin' result s. Piort Cale

f'xhibit! plictoc.!2 -wcv v ;,t fi~ ,if rent ;avý 1vnfIhs, , o~ t n I

'3-crtrt ncinE - n'-r-:.ý- p~x':rt- tavity, tr n, s'covci ar-isdingj frxi

the tc':,atioi of I, .'.-:; 0--.. ',(v h- valuer'i band. Bell, pea's shift

w t, tiperiaIurt- a;. fl,o j,' . 7,actuai snift of 7 %e sIecond pi.(ad, is confused

UY a r Aneg Ili P. :I: Vft. n tf.- two p-. a rand tlicir ovcrlap. 1;,re

A!.ti,:-ii.a'ý. If's a -- vniri '. fjcwr.'

I -.V .C0005T V

";f, stats at~y t:.e valence L'. are pr-ojposeo io -1

,,an~ourija f- s t;0, at,( C.-V ii. -, .G eV at,ve the vallence bane in

pure Cd~e sanu ('35 r .c'cLV' 'Ph' ind rrice. jxroposed is based on the

som. 'iluantitaL.-,~ o or,1 a, cui.av rations u' F.o-iav iver, by

Ros', wh.'ch hav,' It., n sl,,,w: t, h~ay: a ('e preco:3 iatht-miatical i-nterpre-.

ta-inlr foi CLZ ari; Z323 , ,VýC 11.0iv: oun types f recei-4 nat.ion cent, rs.

T!,c ýex'os a!. 0.Lt tV a'- cjgen'taa capture cress section for electrons

Slid holes are the quauni-coi-tinuum of discrete lIrviS1 scatterca rfetWeLfl

this level andc the val (ene rin t, r' H v, nr r+ur-~ cn,;Q 0

for holes tnan for elfoetromo. Th4is arn'rerto recombina~iori centers

can account for the supraiiiie~arity of' b-;th. the 1.5 and 1.1 eV photocurrent~s

and for their rise b s.Thec shift i,% :snarnitude -. the tvj photocurrents

-71--



with terper'al, am. oirectiorl of ~a~~~>cfalvtI. K pa:e

C11 thl-js L~abi' N,, p o c' rr t w .: V'rh. v.i V tO 0., tV

ano is eriidon tobisin of ti-u V or clua r'11. t 01' Linu-L t.111tWr
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